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Abstract
The flow phenomena of liquid iron and slag in the lower zone of an iron making
blast furnace influences the permeability of the coke bed, the time, and the
contact area between the liquid, solid, and gas phases in this zone.
Due to the harsh environment and limited access to the lower zone of the blast
furnace, several experimental simulations were conducted at room temperature,
and numerical modelling studies based on these results were undertaken. While
this approach gives a valuable insight into understanding the flow phenomena
in this zone, it also has fundamental differences between the high temperature
flow phenomena through a reactive packed bed and experiments conducted at
room temperature experiments.
Limited experimental flow studies were carried out at high temperature by
utilising the liquid slag and iron flowing through the coke beds. However, the
limitations of high temperature experiments in a laboratory, and the
heterogeneity of the metallurgical coke placed obstacles to reach a steady state
of flow and made it difficult to evaluate the effect of the chemical reactions
involved and to extend the variables tested.
In this project three experimental techniques were adopted and linked together
in an integrated approach to study the flow of slags in the lower zone of a blast
furnace passing through packed beds of coke. The slag was synthesised in
compositions of a CaO-SiO2-MgO-Al2O3 system. A synthetic coke (coke
analogue) was the primary packing material used to minimise the experimental
uncertainty associated with the use of variable industrial coke, and to control of
the mineralogy of the coke. Industrial coke was also tested as a comparison.

The flow of slag was studied on the single pore level first. The flow through pore
necks that connects multiple pores in the network of pores in a packed bed was
simulated by studying the flow of through a single coke channel. That was
carried out by studying the flow of liquid slag at 1500°C through coke channels
of variable diameters. It was found that there is a minimum channel diameter
needed for the slag to enter the channel.
ii

A simplified force balance approach based on the classical Young (1805)
equation for flow through capillaries was applied to describe the flow. Applying
the experimental data to this equation showed a good match to the
experimental results for the non-wetting systems. This suggests that the flow is
predominantly governed by gravity and the capillary forces. The results also
showed a time-dependency of the flow where in some slag-coke systems the
slag could flow through narrower channels when the time for the experiment
was extended.

SEM and EDS analysis of the interface between the slag and coke revealed the
phenomenon of Si enrichments in areas in the slag along the interface. A
detailed analysis of the slag at the interface and at the bulk indicated that this Si
enrichment is a result of an interfacial chemical reaction between the coke and
the slag.

Secondly, to study the time dependency of the slag flow, a series of dynamic
wetting measurements for the tested systems were carried out using sessile
drop techniques to measure the contact angles of the slag/coke under
experimental conditions. There was a dynamic wetting behaviour for most of the
slag-coke systems.

Thirdly, experiments conducted with liquid slag flowing through a packed bed
utilising a selection of the slags and cokes used earlier have been carried out.
The flow pattern, the liquid holdup, and the liquid residence time were
characterised for a number of variables. The effect of coke mineralogy, bed
packing density and temperature could be tested and analysed. Furthermore,
the effect of bed irrigation was tested by pre-irrigating the coke bed with slag
before the experiment. The image analysis for selected sliced beds post
experiment provided information about bed pore size, pore neck size and the
distribution of the static holdup.

The liquid holdup and liquid residence time was found to be dependent on the
packing density, the slag-coke wetting angle, the temperature and pre-irrigation
iii

of the bed. These finding generally agreed with the fundamental definitions of
static and dynamic holdup, and the general trends of the mathematical formulas
of static and dynamic holdup that have been based on cold experiments from
the literature.

The experimental data from the liquid holdup were used to test some of the
available mathematical formulae that were based on the experiment conducted
at room temperature. The predicted formulae did not show an adequate match
to the experimental results. A simple spread sheet iteration technique was used
to modify the existing mathematical formulae to best fit the experimental results.
The modified formulae were applied to the results of the high temperature
experiments taken from the literature and showed a broad agreement with the
experimental results.
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1. Introduction
There is an increasing demand for iron products worldwide due to its unique
combination of physical characteristics and abundance. Iron production reached
approximately 1.2 billion tonnes in 2011 and is expected to double in the
coming decades [1]. The iron making blast furnace is responsible for the
production of approximately 90% of the iron produced [1]. Due to its very high
production rate and degree of heat utilisation, to date there is no viable
alternative to a blast furnace that can produce the tonnages required for world
markets [2].

This growth has major implications for the iron and steel industry and its impact
on the environment. Recent estimates indicate that the iron and steel industry
is responsible for 4-7% of global man-made CO2 emissions and the iron making
blast furnace is responsible for approximately 75% of these GHG (Green House
Gas) emission of steel plants [3, 4]. For this reason much of the effort in
reducing the GHG footprint of a steel plant has focused on optimising the blast
furnace iron making process.

Stabilising the process of large high temperature chemical reactors such as an
iron making blast furnace is determined by complex phase interactions. In a
blast furnace reactor, iron ore, coke, and fluxes are charged at the top, while hot
air and other injectants are blown in through tuyeres situated close to the
bottom. Burning the coke and auxiliary fuels provides heat for melting the ore
and creating the gases required for the reduction of iron oxides. Molten iron and
liquid oxide are formed in the softening-melting zone [5]. The liquid iron is
formed from fully reduced ores and sinter, while liquid oxide is formed from ore
gangue together with the fluxes, and from remnants of mineral matter from coke
and any carbonaceous injectants. These liquids percolate through a packed
bed of coke and are tapped from the hearth.

Hence, below the softening-

melting zone, in the lower zone of the blast furnace, reducing gas, lump coke,
liquid iron and liquid oxide, and fine coke and char may all co-exist [5].
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Recent studies of the iron making blast furnace process and its main zones
emphasised the operational importance of the lower zone and more specifically,
the dripping zone [6-10]. In the lower zone of an iron making blast furnace,
liquid iron and slag descend counter-current to reducing gases through coke
particles. The characteristics of the flow of these liquids and their holdup
influence product quality and furnace operation. The permeability of coke bed to
the flow of reducing gas crucially influences stable and efficient furnace
performance and is significantly affected by the holdup of liquids flowing through
the voids (pores) of the packed bed of coke.

There is no complete thermo-physical description of the lower zone of a blast
furnace that gives an understanding of the flow phenomena and allows the
process to be optimised. The attempts made to understand the characteristics
of the high temperature flow through the dripping zone packed bed by means of
physical simulation at room temperature may have serious limitations when
considering complex reactors such as a blast furnace. One critical limitation is
that they do not account for the substantive effects of the reactivity of the liquid
with the packed bed and how it affects the liquid‟s thermo-physical and
chemical properties.

The flow of fluids through packed beds has been studied early and is described
by formulae that treat the bed as one unit. The main examples that are widely
used are Darcy‟s law [11] for liquid flow and Ergun‟s formula [12] for gas flow.
These phenomenologically derived equations describe the average overall flow
across a bed quite well, but they don‟t consider the localised variations in flow
phenomena at the pore level of a packed bed or the effect of chemical reactions
between the liquids and bed materials [11-13].

Early studies of the flow of liquids through packed beds based on experiments
conducted at room temperature attempted to relate the static and dynamic liquid
holdup to the properties of bed packing and liquid (viscosity and surface
tension), in addition to the interfacial properties between liquid and bed material,
and described them using mathematical formulae [14, 15]. However, there are
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few experimental studies conducted at high temperature that simulate the lower
zone of a blast furnace [16-18]. The liquid holdup resulting from the models
based at room temperature did not match the experimental findings taken at
high temperature [19].

The macroscopic flow of liquid through packed bed particles is governed by the
localised liquid flow patterns at the level of individual pores that form between
the bed particles. These pores are generally inter-connected and are accessible
through their relatively narrow pore necks where the flow is mostly governed by
interfacial phenomena [20, 21]. Recent studies that investigated the flow of
liquid slag and iron through coke particles revealed that liquids flow through the
bed in rivulets or plugs, the formation of which could be explained by the way
liquid penetrates the bed pores [20, 21].

The main objectives of this project are to

1- Obtain a physical description of the high temperature flow phenomena of
liquid slag through a packed bed based on a characterisation of
laboratory scale packed bed systems.
2- Establish the effect of a reaction between liquid slag and packed bed
(coke) on the liquid holdup within the bed as a function of the bed
packing density and the mineralogy and temperature of the coke.
3- Produce a dataset of key slag flow through the packed bed
properties/relations

that

can

be

incorporated

and

applied

in

computational models to describe the flow and heat transfer of liquid
oxide through an experimental coke bed or blast furnace model.

The above objectives will be met by carrying out a high temperature study on
slag flow though a coke packed bed. The bed properties will be chosen to
represent the lower zone of the blast furnace.

Given the complexity of the lower zone of a real blast furnace where we have
both liquid slag and iron flowing through the packed bed against the flow of gas,
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it is not considered practical to study the flow and interaction of all these phases
simultaneously. In this study it is proposed that a reduced and/or limited system
of slag flowing through a packed bed will be studied because useful information
and insights into flow through a blast furnace using this simplified and limited
approach will still be obtained.

A significant problem in any high temperature laboratory experiments involving
the use of metallurgical coke is dealing with the difficulties caused by its
complexity and heterogeneity with respect to its mineral and maceral
composition, distribution and morphology, and physical characteristics such as
bulk density and porosity. This complexity and heterogeneity often make it
difficult to assess the effect of an individual component or variable on key
behaviour such as reactivity, wetting characteristics, strength, or many other
phenomena that may be of interest. Recent attempts to minimise the effects of
its complexity and heterogeneity have resulted in the development of a coke
analogue [22-25]. This analogue has a simplified carbon structure with
controlled porosity, mineralogy, and mineral phase dispersion. The use of a
coke analogue in this study should lessen the uncertainty in the experimental
programme and allow controlled testing of key variables such as the effect of
mineralogy on the flow of slag.

To investigate the flow phenomena of liquids through reactive coke packed
beds, three experimental streams were adopted. The first experimental stream
was designed to investigate the flow of liquid slag though coke packed bed at
the individual pore level. The second experimental stream was designed to
assess the wetting characteristic of the liquid oxides on the carbonaceous
packing material. The third stream was designed to investigate the macro level
flow characteristics of liquid slag through packed beds utilising a selection of the
slags and carbonaceous materials that were investigated in the other two
experimental streams.
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2. Literature review
To better understand liquid flow in the lower zone of a blast furnace and liquid
flow through a packed bed, a literature review of the key phenomena and
fundamentals that impact on the flow of liquids in these zones/systems was
undertaken.

2.1. The iron blast furnace
The iron blast furnace (Figure 2.1) is a counter current oxygen exchange
reactor. The reaction proceeds by charging iron oxides (in the form of ores,
sinter and pellets), fuel (coke), and fluxes (limestone and quartzite), into the top
of the furnace and blowing preheated air and injectants (such as pulverised coal
or natural gas) through the tuyeres at the bottom [26, 27].

2.1.1 Process overview
2.1.1.1. General description
An iron making blast furnace is the primary production unit in an integrated
steelmaking process. It produces liquid iron, also known as hot metal, at a high
rate and at a temperature in excess of 1500 ºC [2]. Raw materials are charged
in separate layers of ore and coke at the top. As they travel down the furnace
they come in contact with the ascending hot reducing gases. These gases are
initially formed by oxygen (from a blast of hot air) combusting coke and other
fuels at the tuyere level in the raceway. This reducing gas contains carbon
monoxide (CO), hydrogen (H2) and Nitrogen (N2), as well as negligible
percentages of CO2 and H2O. Typical capacities of currently working blast
furnaces vary between approximately 4,000 and 12,000 metric tonnes of hot
metal per day [2, 5].
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Distributing Chute

Lumpy Zone

Cohesive Zone

Lower zone
Dripping Zone

Deadman
Deadman

Raceway
Tuyere

Tapping Hole

Hearth

Fig. 2.1 A schematic representation of the iron making blast furnace [26].
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2.1.1.2. Materials
Top fed furnace charge materials:


Iron bearing material in various oxide forms, predominantly the
mineralogical form of haematite (Fe2O3) and possibly magnetite (Fe3O4)
or sinter or other iron feed stocks.



Metallurgical coke, which is the primary source of carbon and is required
for the generation of heat and the reducing gas. It also provides a
permeable structure for gas flow and burden support.



In general terms, both iron ore and coke contain approximately 5-10%
SiO2+Al2O3 that needs to be dealt with by the addition of flux. Blast
furnace fluxes can be added directly to the furnace or included in blast
furnace sinter, pellets, or briquettes.

Tuyere fed materials:


Preheated air (often oxygen and steam enriched) that provides the
source of oxygen needed for the combustion of carbonaceous materials.



In order to reduce (expensive) the consumption of coke, other (cheaper)
carbon units such as natural gas, fuel oil and pulverised coal are often
also injected at the tuyere level.



Additional oxygen to aid combustion and control the temperature and
composition of the gas.

2.1.1.3. Key zones
Much of the current understanding of the internal structure of a blast furnace
comes from the study of the quenched/dissected blast furnaces [6]. These
structures are shown in Figure 2.2. The zones are classified based on the form
and behaviour of the materials in each zone.
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Stock line

Softened
ferrous layer
Coke slits
Gas flow

Dripping liquid
Deadman

Fig. 2.2 A schematic representation of blast furnace zones [after [27]].

The temperature profile of a blast furnace from the top to the bottom of a
furnace, as well as the key chemical reactions that occur, are given in Figure
2.3.
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Fig. 2.3 A schematic representation of temperature distribution of gases and
solids along the height of a blast furnace, and the chemical reactions occurring
in the three main temperature zones [2].

2.1.1.3.1. Shaft
The shaft zone extends from the top of the furnace to the cohesive zone and
contains alternating layers of solid coke and ferrous feed. The end of the shaft
zone or transition to the cohesive zone may be characterised by the softening
or melting of the burden at approximately 1300 C. In the shaft zone the iron
bearing charge is indirectly reduced in a stepwise manner. The reactions can be
represented by equations 2.1, 2.2 and 2.3.
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(2.1)
(haematite)

(magnetite)
(2.2)

(magnetite)

(wustite)
(2.3)

(wustite)

2.1.1.3.2. Cohesive zone
Below the shaft is the lower zone which can be sub-divided into the cohesive
and dripping zones. As the temperature of the furnace burden continues to
increase to approximately 1300 ºC, the iron bearing charge layer starts to soften
and form semi-fused iron, and liquid slag begins to form. The layer of coke
remains solid and acts as a gas distributer/channel to ensure good furnace gas
permeability. At approximately 1400 ºC the iron and slag are molten and drip
through the layer of coke. In this zone there is direct reduction of iron oxide, as
represented by equation 2.4, as well as the reduction of other oxides. Figure 2.4
illustrates schematically the structure of the cohesive zone.

(2.4)
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ACTIVE
COKE ZONE

Fig. 2.4 A schematic representation of the lower part of blast furnace illustrating
the cohesive zone and active coke zone [2].

2.1.1.3.3. Dripping zone
The dripping zone is characterised by the flow of liquid iron and slag through a
bed of coke particles. At this stage the coke particles are the only remaining
solid phase [2]. Coke particles, in turn, slowly move downwards towards the
tuyere to combust in the raceway, or descend to the hearth and slowly dissolve
into hot metal. In this zone liquid slag, liquid metal, and solid coke and gas are
in contact. At this stage the iron starts to pick up elements such as Si, S, C, Mn
and P. One important feature of the dripping zone is that the coke forms the
only layer of solid particles permeable to the upward flowing gases, but this
permeability, however, is reduced by the dripping liquids partially occupying the
pores between the particles of coke. The permeability of a blast furnace is of
great importance because it influences the quality of the product, production
rate, and the fuel use and asset life of the process [28].
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2.1.1.3.4. Deadman
Below the dripping zone, the packed bed of coke descends with a non-uniform
velocity distribution. A relatively stagnant and approximately conical region,
known as the deadman forms in the centre furnace and extends over half the
radius of the blast furnace. Most of the coke flows around the deadman towards
the raceways where it is consumed by combustion in the hot blast [2].

2.1.1.3.5. Raceway
In front of the tuyeres the high velocity pre heated blast and any injectants enter
a void within the coke bed known as the raceway. Here, particles of coke and
injectants circulate while reacting with the blast oxygen to produce a flame
temperature of approximately 2000-2200 ºC (refer to Figure 2.2). In this zone,
approximately 75% of the heat required for the blast furnace is generated [26].

In the raceway, and also partially in the deadman, coke carbon initially reacts
with the oxygen of the blast to form CO2 and heat (equation 2.5). This CO2 then
reacts with the remaining coke to form CO (equation 2.6). Equation 2.6 is also
known as the Boudouard or solution loss reaction.

(2.5)

(2.6)

2.1.1.3.6. Hearth
The hearth area starts below the tuyeres where molten iron and slag
accumulate, separate, and flow towards the tapholes for casting. Liquid slag
and metal flow through the deadman towards the bottom of the hearth [26].
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2.1.1.4. Blast furnace lower zone slags
It is difficult to know the precise composition of the slag formed in the cohesive
zone, also referred to as primary slag, and its behaviour in the blast furnace
[29]. Assuming that 10 - 15% of the slag is provided by the ash formed from
carbon combustion in the hearth/raceway region, then a dripping slag can be
calculated when the taphole slag composition is known [30].
The coke ash tends to be high in silica. Some researchers, who studied the
lower zone, concentrated their study of slag on a range of CaO/SiO 2 ratios
limited to approximately 0.6–1.3 [18, 29]. However, other sources claim that the
slags do not fully assimilate with the coke ash in the blast furnace, and exhibit
relatively high CaO/SiO2 ratios of approximately 1.4–1.6 [31].
Taphole blast furnace slags have been reviewed and are given in Table 2.1.
The main sources of these data are:

1- An industrial survey from different blast furnaces in Britain in 1967 [32].
2- Turkdogan [33] described the daily average plant data of US Steel and
compared them with those of Chiba Works of Kawasaki Steel
Corporation [33].
3- Slag samples collected from “CSN” plant, Brazil, in 2000 after magnetic
separation of metallic iron [34].
4- Values collected from BlueScope Steel at Port Kembla, Australia, in 2009
[30].
5- Slag atlas selected to indicate a wide range of typical blast furnace slags
listed in Slag Atlas page 200 [35].

Table 2.1 summarises a comparison between the compositions of slag from the
above sources. Additional data on slags representing those emanating from iron
ore lump and some pellets were reviewed [36]. These slags are normally highly
siliceous with a high viscosity and a typical composition of up to 70% SiO2, 20%
Al2O3 and 10% CaO and a liquidus below 1400 °C [36].
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Table 2.1 Comparison between compositions of blast furnace lower zone slag
from different sources. The compositions are given in mass%.
Constituent

Different
British
plants 1967
[32]

Average of US
Steel plants
and Chiba
Plant 1978 [33]

“CSN”
plant,
Brazil, 2000
[34]

BSL, Port
Kembla
plant 2009
[30]

Slag atlas
[35]

%CaO

36 – 43

38 – 44

43.5

43.5

35.5 - 41.0

%SiO2

28 - 36

34 – 38

35.8

35.5

36.0 - 38.5

%Al2O3

12 - 22

10 – 12

11.8

15

8.0 - 10.5

%MgO

4 – 11

8 – 10

6.2

6

9.5 - 13.5

%S

1–2

1–2

0.8

0.8

1.5

0.3 - 1.7

< 0.2

0.3

0.3

0.2 - 0.3

1.0 – 1.53

1.00 – 1.53

1.22

1.22

0.9 – 1.13

%FeO or
Fe2O3
CaO/SiO2
ratio (V ratio)

2.2. Coke for the blast furnace
2.2.1. Coke in general
Coke is a critical component in the process of blast furnace iron making. It
generally makes up approximately 50% of the furnace burden volume [2]. Coke
is not only responsible for producing most of the required heat and reductants
for blast furnace operation, it also provides structural support for the heavy solid
burden in the shaft and porous bed for the liquid iron and slag in the lower zone
and hearth. Moreover, it provides a porous media that is permeable to the
reducing gases. Coke must have the strength and hardness to withstand the
harsh environment of heat and erosion in a blast furnace and keep its shape
and permeability, and yet have high reactivity at high temperature [2, 5]. Given
its critical nature to the blast furnace, full details of coke, particularly the packed
bed in the lower zone of the furnace, and its properties are given in detail.

In general, coke is the product of the destructive, dry distillation of coal in the
absence of oxygen at approximately 1100 °C to produce a strong, porous
material that consists mostly of carbon with varying degrees of crystallinity [37,
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38]. Coke consists of carbon and ash in a form that is hard, reactive, and highly
porous with a high carbon content. In the following sub-sections the key
properties of coke are described in detail.

2.2.2. Chemical properties of coke
The chemical structure of coke is typically a mixture of complex carbonaceous
phases (macerals) and mineral matter, approximately 10- 15% by weight [39]
(known as ash). Inerts are macerals that do not soften appreciably during the
coking process and are incorporated into the coke binder phase formed by the
reactive macerals in the structure of the coke. A typical chemical composition
for blast furnace coke is listed in Table 2.2 [40].
Table 2.2 Typical chemical composition for blast furnace coke in mass % [40].
Component
Mass %
Fixed Carbon
85.0 – 90.0
Volatile matter
0.75 - 2.0
Ash
8.0 - 12.0
Sulfur
0.65 - 1.0

2.2.3. Ash and minerals in coke
Coke contains ash constituents which are primary inorganic compounds
embedded in the carbon matrix. Ash consists primarily of silica, alumina, and
lime but it does have traces of many other oxides. Typical compositions of coke
ash reported by Naruse et al. [41], McCarthy et al. [42] and Cham et al., [43] as
listed in Table 2.3 are represented as the mass percentage in ash, as oxides.
Table 2.3 Typical composition of coke ash in mass percentage (as oxide).
Mass%
Oxide
Naruse et al. [41] McCarthy et al. [42]
Cham et al. [43]
SiO2
53.4
55.8
59.4
Al2O3
26.7
31.0
18.9
Fe2O3
6.5
3.46
11.8
CaO
4.4
1.95
2.8
MgO
0.97
0.40
1.7
TiO2
N/A
1.51
1.0
K2O
N/A
0.76
0.95
P2O5
N/A
1.25
1.3
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The ash in coke is generally a non-desirable component that adds to the bulk
slag in the furnace and plays a significant role in the dissolution kinetics of
carbon in the iron making process. Specifically, layers of non-molten ash found
covering the interfacial area between coke and liquid metal actually limit the rate
of carbon transfer [42-45].
It is well recognised that the mineralogy of coke is important for its reactivity and
combustion [38]. There are several studies that were focused on determining
the types of minerals in coke [46-50]. An example of the mineral data in cokes is
found in the study of Grigore et al. [46] who examined four Australian
bituminous coals using the low temperature ashing technique (LTA) and coked
them in a laboratory furnace. The mineralogy of the resulting cokes is given in
Table 2.4.

Table 2.4 Mineralogy of four Australian cokes (wt% of LTA) [46].

The coke, upon descending the blast furnace, undergoes a change of its
mineralogy. A major change in coke mineralogy is the loss of SiO 2 due to SiO
gas generation and silica reduction by the liquid iron [51]. The coke reactions
that can result loss of SiO2 involves the reaction of SiO2 with carbon, SiC and
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CO but mostly dominated by the reaction with carbon to produce SiO gas [6,
52].

2.2.4. Pore structure and porosity of coke
A typical coke structure consists of a mixture of carbonaceous phases including
inerts, mineral matter, porosity and fissures that occupy approximately half the
volume of the coke [53].
Cokes typically have a porous structure made up of pores in the carbon texture
that derived from the reactive coal macerals, the voids left between different
carbon textures, and fissures caused by internal stresses in the coke. The
porosity of coke must be considered on 3 different scales [38],


Coarse porosity, consisting of pores with diameters greater than 10-20
µm and fissures present in the coke mass.



Macroporosity, denoting porosity in the range of 10nm–20 µm.



Microporosity, reserved for porosity with a diameter <10nm.

However there is a considerable overlap between the regions specified by these
terms.

Coarse porosity is generally measured by optical techniques [38, 54], although
the measurement is typically limited to a porosity greater than approximately
50µm diameter due to the low magnifications used.

Mercury porosimetry has been used to measure the pore size of foundry coke
and it has produced results indicating that most of the porosity is accessible
through pores with diameters between 10-100µm, whereas porosity between
10nm and 20µm represented less than 10% of the volume of the coke [38].

2.2.5. Mechanical properties of blast furnace coke
Coke is charged to a blast furnace as 20 - 100 mm lumps [5, 38, 55]. A key
function of coke is to ensure a high permeability within the blast furnace which
means the particles should be capable of preserving their size during handling,
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charging, and during their descent through the harsh, hot and abrasive furnace
environment. The average size lump decreases as the coke descends through
the blast furnace shaft due to the combined effect of mechanical, thermal, and
chemical action [7, 38]. Figure 2.5 shows a schematic representation of its
degradation in a blast furnace [39].

There are a number of tests designed to assess the strength and reactivity of
coke in the furnace, such as those described by The International Organization
for Standardization (ISO)[56, 57], The American Society for Testing & Materials
(ASTM)[58], and the Japanese Industrial Standards (JIS)[59].

Fig. 2.5 A schematic representation of the degradation of coke in a blast
furnace [39].
Perhaps the most widely used are the CSR/CRI test [56, 58] where a 200g
sample of coke of approximately 20 mm in size is heated at 1100 °C in a 1
atmosphere pressure of carbon dioxide for 2 hours. The coke is cooled under
nitrogen and its weight loss during reaction is measured. The percentage weight
loss is known as the reactivity (CRI). The reacted coke is then tumbled in a
drum and subjected to 600 revolutions in 30 minutes. The per cent of carbon
18

material removed from the drum that is greater than 10 mm in size is known as
the coke strength after reaction (CSR) [56, 58]. There are specific requirements
for CSR and CRI values of coke for blast furnace operation. A CSR > 60-65%
and a CRI <20-23% are generally recommended values [39, 60], while
conventional quality parameters of Australian coke are 17-33% for CRI and 5676% for CSR [48, 49].

There is no single test that can be applied to coke that represents the changes
it experiences in loading and chemistry as it descends into a blast furnace. As
such, most tests have a limited applicability to the blast furnace.

2.2.6. Coke analogue
Industrial coke is heterogeneous with respect to its porosity, composition, phase
distribution, and morphology. Metallurgical coke has shown not only structural
and chemical heterogeneity, but also heterogeneous behaviour with respect to
its physical characteristics and mechanical strength, especially volume
breakage characteristics [61, 62]. That is why the use of commercial coke in
controlled, reproducible laboratory experiments is problematic.

To overcome the problems associated with the heterogeneity of coke in a study
of its dissolution in liquid iron, Monaghan and Chapman [24, 63, 64] developed
a coke analogue (a coke-like material). This coke analogue has controlled
porosity, mineral composition, and mineral phase dispersion. This increased
control resulted in less uncertainty in reaction kinetic experiments and allowed
testing of key mineral effects on the coke analogue‟s reactivity.

The coke analogue is produced by mixing graphite powder and bakelite powder
with a binder of phenolic resin, adding the necessary mineral oxides such as
silica, calcium carbonate and alumina, and then firing at 1600° C in an argon
gas atmosphere. The measured porosity of coke analogue ranged between
41% - 48% [63]. The question of how the coke analogue performed compared
to the behaviour of real coke was tested by comparing its dissolution rate with
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both graphite and an industrial coke (See Figures 2.6 and 2.7). Figure 2.6
shows that the coke analogue containing no mineral matter had a slower rate of
dissolution than graphite [63], which was consistent with real coke, and then a
coke analogue was produced with a mineral content and porosity to simulate an
industrial coke. The results shown in Figure 2.7 reveal that the coke analogue
replicated the dissolution behaviour of industrial coke. This was taken as strong
evidence of the representative nature of the analogue compared to real
industrial coke.
In a recent study Longbottom et al.,[23] found that a coke analogue might be a
suitable research tool for studying the effects of mineralogy on the reactivity and
strength of coke because the study showed that the addition of minerals to the
coke analogue affected its reactivity.

The fact that the porosity and minerals can be controlled in this analogue offers
the possibility of its use as a laboratory tool when researching the behaviour of
coke, or other phenomena dependant on the its chemical or physical attributes.

Fig. 2.6 The change in [C] vs time for the coke analogue-no minerals and
graphite in an initial Fe-2%[C] melt at 1450°C [63].
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Fig. 2.7 The change in [C] vs time for the coke analogue-mineral matter and
coke in Fe-2%[C] melt at 1450°C [63].

2.3. Packed beds
The lower zone of the blast furnace (between the cohesive zone and hearth) is
often approximated to a packed bed with liquids and gases flowing through it
[14, 16, 19, 29, 65-68], so in this section the fundamentals of packed beds are
reviewed in detail. A packed bed is a porous medium where the pores, also
known as voids, are the volume of space that is not occupied by the solid. If the
pores are completely filled with a fluid, the porous medium is said to be
saturated with that fluid, but if the voids are not completely filled with fluid,
saturation can be expressed as fraction of the volume of the fluid in the voids
divided by the total void volume [13, 69].

2.3.1. General equations of packed beds
The general case of flow through packed beds involves both liquid and gas
phases flowing either co-currently or counter-currently. Understanding the flow
phenomena of gas and liquid through packed particles plays an important role
for the stability and the efficiency of many industrial processes, including the
blast furnace. For this reason, many attempts have been made to characterize
and describe the flow phenomena in industrial packed beds [66, 70-72]. In this
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section the various mathematical descriptions of flow phenomena through
packed beds shall be demonstrated.

2.3.1.1. Darcy’s law
Darcy‟s law is an approach that is widely used in petroleum engineering and in
the hydrology industries. It indicates that the flow velocity is linearly dependent
on the drop in pressure across the bed and it implies that the flow is streamlined
[11, 73],
(2.7)

where u: flow velocity, K: bed permeability and ∆P: pressure drop across the
bed and l: bed height.
Darcy‟s law can also be written in a form that relates the volume flow rate ( Q) to
the pressure drop per unit length of the bed (equation 2.8),

(2.8)

where A: cross sectional area, and KD: permeability coefficient that depends on
both the liquid and bed properties.

KD, refers to the permeability of the bed and is only valid for the fluid under
consideration. The specific permeability (ψ) is commonly defined by equation
2.9, and ψ is specific to the geometry of the solid phase only.

(2.9)
where μ is the liquid viscosity.

2.3.1.2. Tube bundle theory approach
In addition to the Darcy empirical approach, a semi theoretical approach that
leads to similar results known as the tube bundle theory was introduced. The
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simplification used in this approach is that it treats the porous media as a group
of tangled tubes with added cross-sections, but it also includes basic
assumptions of uniform packing and complete interconnectivity of pores, and
that the flow is not channelled [73, 74]. The average liquid velocity in the
interstices of the porous medium ̅ ) in this theory is determined by

̅

(2.10)

where K1: constant of proportionality, Rh: the hydraulic radius which is the
average cross section available for flow divided by the total wetted perimeter. If
the total bed cross section area (A) is to be considered, the Darcy velocity u

given in equation 2.11, can be related to the interstitial velocity ( ̅ ) by equation
2.12,

(2.11)
where Q is the total flow rate.

̅

(2.12)

where (ε) is bed voidage that is defined as the fraction of the bulk volume of the
bed that is not occupied by the solids [13].

2.3.1.3. Permeability approach
Bed permeability is a specific property of the bed and is the ability of fluids to
flow through its voids. A packed bed can be characterised by the specific
surface area of the bed (SB) and its voidage (ε) [13]. The specific surface area
of any particle (S) is its surface area divided by its volume. It depends on
particle shape and for a sphere of diameter dp it equals:
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(2.13)

For non-spherical particles, a shape factor (λ) is defined which does not depend
on particle size but only on its shape, and it varies between 1.15 for almost
spherical shapes and 7.96 for highly flattened and elongated shapes [74]. S can
be related to the shape factor by:
(2.14)

SB can be defined as
(2.15)

By incorporating equations 2.12 and 2.15 into equation 2.10 and reforming,
equation 2.16 is obtained. This is known as the Blake-Kozeny equation which
relates the pressure drop through packed columns to the average flow velocity
and bed voidage. A typical value of the Kozeny Constant ( Kkoz) for industrial
packed columns was found to be 4.2 [74],

1 P'  3
u
K koz 1 lS B2 (1   )2

(2.16)

The Blake-Kozeny equation (equation 2.17) is similar in concept to Darcy‟s
equation (equation 2.7),

(2.17)
where ψ is the specific permeability.
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2.3.1.4. Ergun equation
For gas flow in packed beds, the pressure drop across a bed is often given by
Ergun's relation (equation 2.18) [12],

(2.18)

While Darcy‟s law related the pressure drop over a packed bed length linearly to
the flied velocity, the Ergun equation accounts for both characteristics of the
bed (through a series of parameters to characterise the porous medium) and
the fluid velocity. For this reason the Ergun equation appears to have achieved
a common application [75].

2.3.2. Pore structure and interconnectivity
Much work has been focused on the importance of the permeability of the
dripping and cohesive zones in the blast furnace [7, 8, 76-79]. Due to the
existence of liquid holdup and the complicated network of the pore structures
within the lower zone, further knowledge of the pore structure and pore
interconnectivity is needed.

In a coke packed bed, the voids (pores) formed between the particles are
generally interconnected. This interconnectivity and the size of the pore neck
have a significant bearing on the path of a liquid flowing through the bed
(illustrated in Figure 2.8) and possible sites of liquid blockage [13, 80, 81].
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Fig. 2.8 A schematic representation of liquid flow through a coke bed [After
Husslage[19]].
Pore size, shape, and interconnectivity depend on the particle size distribution,
particle shape, and packing density [82]. Unfortunately bed characteristic data
such as voidage, pore size, and pore neck size distribution are not known a
priori, but can only be determined after the bed is constructed and analysed.
For this purpose many characterisation methods were used. Sederman et al.
[83] used magnetic resonance imaging (MRI) for volume and velocity
measurement to probe the structure-flow correlations of liquids within the interparticle space of a packed bed of glass beads. Their observations indicated a
highly heterogeneous flow. It was found that 40% of the flow is carried by just
8% of the pores and that only 22% of the available cross-sectional area
experienced liquid flow. Although a range of flow regimes was observed, flow
through most of the pores approximated laminar conditions [83].

Similar results were reported by Husslage [19] in a hot trickle bed experiment of
molten iron and slag through a bed of coke particles, where the x-ray imaging of
the coke bed after cooling revealed that slag and iron tended to flow in rivulets
along randomly selected paths, thus indicating that the liquid only visited a
limited number of potential bed pores [19].
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2.3.3. Forces acting on the liquid flowing through a packed bed
The general description of forces acting on a liquid phase passing through a
packed bed was presented by Fukutake et al. [14]. They proposed that in the
dripping zone the liquid exists as a dispersed phase in the bed and there are six
major forces acting on the liquid. These forces are gravitational, inertial,
viscous, capillary, surface, and gas drag forces. These forces are defined in the
following equations,
1. Gravitational force

(2.19)

2. Inertial force

(2.20)

3. Viscous force

(2.21)

4. Surface force

(2.22)

5. Solid-liquid interfacial force

(2.23)

6. Force exerted by the gas flowing through the bed:
(2.24)
Where ρ: is the liquid density , g is the gravitational acceleration, μ is the liquid
viscosity , ς is the surface tension, u is the liquid‟s superficial velocity through
the bed, θ is the contact angle between the liquid and bed material, dp is the
particle diameter, and ΔP is the pressure drop across the bed. The
characteristic Length D in equations 2.19 to 2.24 is taken as the particle
diameter (dp). Forces 1 to 5 are related to liquid properties, interfacial properties
with the bed material, and the liquid velocity. These forces represent the
components of the general Navier Stokes equation [19]. Force 6, the gas drag
force, is based on the Ergun formula (equation 2.18) which is used to calculate
the pressure drop in packed beds. Other expressions could be found to
describe the gas force in packed beds but they are mostly based on the Ergun
formula [70, 75, 77]. However some researchers such as Gupta et al., [84] have
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used different empirical formulae and coefficients, as expressed by equation
2.25,

⃗⃗⃗⃗⃗ |⃗⃗⃗⃗ |

(2.25)

where fd is the drag force, CD is a gas-liquid drag coefficient and ⃗⃗⃗⃗ is the gas
velocity relative to the liquid rivulet. The drag force acts in the same direction as
the gas velocity vector. Gupta found experimentally that the best value of CD is
7.4 ± 0.4 [84].

2.3.4. Liquid - bed interaction: wettability approach
If a liquid is in contact with a solid surface and it does not completely cover the
surface, the liquid surface will intersect the solid surface at a contact angle ―θ‖.
The equilibrium value of θ defines the wetting behaviour of liquids and obeys
the equation,

(2.26)

where ςAB is the surface energy or the work needed to create an additional
surface of phase A that is in contact with phase B (also known as surface
tension). The subscripts S, L, and V refer to solid, liquid, and vapour
respectively. Generally, a contact angle below 90º identifies a wetting system,
while greater values identify a non-wetting system [85] . Data for wetting iron
and slag on coke are given in Section 2.6. (Key properties that are important in
a liquid, flow through the lower zone).

The work of immersion
The work of immersion is a thermodynamic quantity that describes any process
of infiltration of liquid into porous media. Consider a poroe at a depth z,
(assumed cylindrical and open) of radius r as illustrated in Figure 2.9; for the
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pore to be infiltrated by the non-wetting liquid, the relationship between the
radius of the pore and the depth of liquid is given by equation 2.27,

(2.27)

Z

Fig. 2.9 Depth Z, needed for liquid to enter a pore of radius r. L: liquid, V:
vapour, S: solid [85].
Capillary pressure works against the liquid gravity force when θ >90º, i.e., nonwetting conditions. In the case of θ <90º, i.e., wetting conditions, the capillary
pressure works with gravity pressure and causes the liquid to be imbibed into
the pores.

2.3.5. Forces acting on the liquid at the pore neck in the absence of
a gas phase
A liquid droplet flowing through bed pores will experience a local maximum
resistance at the narrow throats (pore necks) connecting bed pores. At the pore
neck, the wettability of liquid and bed materials plays a dominant role in the
forces acting on the liquid [19]. At the beginning of flow, the velocity of liquid
may be considered to be virtually zero, but in a static state with no gas force
(fP) on the suspended liquid droplet, the inertial, viscous (fv) and surface (fs)
force can be eliminated. This means that Fukutake‟s general description of
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liquid flow can be reduced to two major balancing forces, gravity force ( fg) and
interfacial force (fsl), which can be referred to as capillary force. Figure 2.10
schematically illustrates the force analysis of a droplet of liquid located on a
pore neck.
Capillary
Slag droplet
Coke particle

Droplet
size (h)
θ

Pore neck size (d)
Gravity

Fig. 2.10 A schematic illustration of the force analysis of a droplet of liquid
located on a pore neck in the absence of a flowing gas phase.
Similarly, by considering the analysis of the work of immersion [82], Husslage
[19] concluded that for flow to occur at the pore level, the gravitational force fg
should be greater than the capillary force fc,
(2.28)
Accordingly, the critical condition for the liquid to flow through the neck is
described by equation 2.29,
(2.29)
where d is the pore neck size and h is the droplet size. Equation 2.29 indicates
that a liquid can enter a pore through its neck if the hydrostatic pressure
overcomes the capillary repulsion pressure, i.e., the bigger the channel
diameter, the smaller the repulsion force.
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2.3.6. Packing density
The packing of particulate solid materials enters into several aspects of applied
science and has therefore, been studied extensively for an assessment of the
governing packing variables and examination of bed porosity and pore structure
[13, 81, 82, 86-90].

The main variables that control the packing density and structure in a packed
bed are particle size distribution, mode of filling the bed, ratio of the smallest to
the largest particle size, and the ratio of particle size to container size. There
are other factors that affect packing density such as the particle shape factor
and bed compaction by means of vibration [81, 89-91].

The simplest packing mode to study is the packing of mono-sized spheres. In
such a structure the packing density varies with the coordination number (points
of contact per sphere) from the loosest packing with a voidage of 0.48 (packing
density of 52%) corresponding to a coordination number of 6, to the densest
packing of voidage 0.26 (packing density of 74%) that corresponds

to a

coordination number of 12 [81].

2.3.6.1. Effect of mode of packing
In practical situations three modes of filling generally apply [81]:
(1) Loose random packing with a voidage of 0.40 – 0.41 is obtained by packing
rounded particles so that they roll individually into place over similarly placed
spheres.
(2) Random packing with a voidage of 0.37 – 0.39 is obtained by pouring
spheres into a container.
(3) Close random packing with a voidage of 0.35 – 0.37 is obtained by shaking
the bed vigorously.

Shaking time and mode is varied to obtain different

voidages.
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2.3.6.2 Effect of particle size distribution
For multi-sized particle packing, which is common in industry and particularly in
the iron making blast furnace, packing a binary mixture of spheres is a function
of their diameter ratio and the percenta ge of large particles in the mixture. To
obtain the densest packing the ratio of large to small particles should be
maximised. The ratio of coarse particles in the mixture that gave the highest
packing density in a random close packing was found to be around 0.60 - 0.73
[81, 89]. Figure 2.11 shows the dependence of packing density on particle size
and distribution.

In practical engineering applications the variations in particle size are
continuous rather than discrete, and is given as a size distribution. One of the
oldest models used to describe the maximum packing density of a multiple
discrete particle size distribution is the Furnas model [92] where the theoretical
maximum packing density (PEmax) of a mixture of course, medium, and fine
particles is,

(2.30)

where PEc, PEm, PEf are the packing density of course, medium, and fine
particles. Equation 2.30 can be extended to systems containing more than three
particle sizes.
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Fig. 2.11 Theoretical and measured packing densities of binary mixtures.
Solid line, theoretical results, points, measurements [89].

2.3.6.3. Wall effect
When the bed is not sufficiently large, any external surface such as bed support
or walls may have a significant effect on the packing properties because there
will be a region of relatively high porosity adjacent to the wall due to a
discrepancy between the radii of curvature of the wall and the particle [13].
The ratio of particle diameter dp to container diameter D affects packing density.
For a bed packed with solid mono-sized spherical particles, a container size to
particle size ratio (D/dp) between 6 and 10 is reported to be a value above
which the wall effect is minimised [81, 91]. Figure 2.12 shows the effect of
container size on the packing density of mono-sized spheres [81].
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Fig. 2.12 Effect of the container diameter D on packing density of mono-sized
spheres of diameter d [81].

2.4. Blast furnace lower zone as a packed bed
The lower zone, particularly the dripping zone, plays an important role in the
contact between the raceway gases and the molten metal and slag coming from
the cohesive zone. The phenomena of this interaction between the four phases
(liquid metal, liquid oxides, solid coke and gas), as well as the mass and heat
transfer, is complicated and not well understood [29].

The blast furnace lower zone is characterised by a slowly moving coke bed at a
velocity 4 -12 x10-4 m/s [6] where molten slag and molten metal trickle towards
the hearth and the blast gases ascend towards the shaft. The coke particle size
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lies in a range between fines of less than 10 mm to particles up to 60 mm, with
most in the range of 25 - 45 mm [55]. The coke has a shape factor estimated to
be 0.8 [67, 93] and the coke bed voidage is approximately 40% [6, 77].

Although the physical, chemical, and thermal conditions within the lower zone
have been investigated previously by probing the blast furnace [7, 94, 95] and
dissection [6, 9, 96], the difficulty of accessing this zone and its harsh conditions
makes it problematic to characterise the process phenomena. So in order to
study and characterise the process variables in this zone, mathematical
modelling and experimental simulation approaches have been adopted [8, 10,
15, 20, 65, 67, 76, 77, 84, 87, 91, 97-102].

For the purpose of study, the dripping zone has been approximated to a packed
bed of coke through which liquid metal and oxides and reducing gases flow [8,
14, 16, 19, 29, 65-68, 70, 77, 84, 87, 99, 103-107].

2.4.1. Liquid holdup in the lower zone
Fluid flow through a packed bed may also be characterised by liquid holdup.
The total liquid holdup as defined by Shulman et al. [108] is the amount of liquid
held in the column during steady operation. Static holdup is the amount of liquid
held in the column after the liquid supply is disconnected and dynamic holdup is
the difference between the total and static holdup [108]. Knowledge of the liquid
holdup provides useful information on liquid residence time and bed porosity
and permeability. In addition, in an iron making blast furnace it gives an idea of
the surface area of contact between coke and the liquid slag and iron, and of
the change in bed voidage and permeability to reducing gas flow.

2.4.1.1. Dynamic and static holdup
Liquid holdup in packed beds can be divided into static holdup (Hs) and dynamic
holdup (Hd). Total holdup (Ht) is the sum of both, as defined by equation 2.31.
Static holdup is the amount of liquid that remains within the voids of the bed
after stopping the flow [84], and generally depend on the bed and liquid
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properties, but not on the flow rate. Dynamic holdup, also known as operating
hold up, is the liquid that flows out of the bed after the inflow is stopped [14,
109]

(2.31)

A schematic diagram showing the concept of both dynamic and static holdup on
the supply and drain curves of a liquid flowing through a packed bed is given in
Figure 2.13 [91].
Static holdup (Hs)

Cumulated liquid amount

Total holdup (Ht)

Supply curve

Dynamic holdup (Hd)

Drain curve

Supply stop

Time

Fig. 2.13 A schematic representation of liquid supply and drain curves and the
liquid hold ups for a fixed bed by Usui, et al. [91].

2.4.1.2. Holdup characterisation
Both experimental and mathematical modelling approaches have been used to
characterise liquid holdup and its dynamic and static portions in systems
designed to simulate the dripping zone. Given the importance of the
experimental and mathematical modelling of liquid flow in the lower zone, more
details of the approaches are given in Section 2.5.

Bed, liquid, and flow parameters have been utilised in the form of dimensionless
numbers (modified Reynolds Number Rem, modified Galileo number Gam,
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Interfacial Force Number Ne and modified Capillary Number Cpm). These
dimensionless numbers are defined in equations 2.32 to 2.35,
Modified Reynolds Number,

(2.32)

Modified Galileo Number,

(2.33)

Interfacial force,

(2.34)

Modified Capillary number,

(2.35)

where
ρl: liquid density, u: liquid superficial velocity, ug: gas velocity, dp: particles
diameter, φ: particle shape factor, ε: bed voidage, g: gravitational acceleration,
m/s2,

μ: liquid viscosity, Pa·s, σ: liquid surface tension, N/m, and θ: liquid

contact angle with bed material, rad. The conduit diameter for the flow condition
was taken as the particle diameter.

Experimental studies have related liquid holdup to bed properties, liquid
properties, and flow conditions [14, 16, 17, 20, 21, 66, 71, 84, 87, 109-113].
Based on the experimental data, formulae have been constructed to calculate
liquid holdup in terms of the flow dimensionless numbers. Mathematical
correlations found in the literature for determining the static and dynamic holdup
for flow conditions similar to the blast furnace are listed in Table 2.5. Other
formula of Niwa e. al. [114] was mentioned in the literature but not listed here as
the reference could not be obtained. The formulae proposed by Fukutake et al.
[14] and his co-workers in a comprehensive analysis of liquid flow under blast
furnace conditions remain the most widely used [6, 19, 66, 67].
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Table 2.5 Overview of the mathematical correlations for static and dynamic
holdup reported in the literature.
Static holdup(Hs)
Dynamic holdup(Hd)
Model
Fukutake
[14]
Chew
[75]

(2.37)

2.36)
-----(2.38)

Sugiyama
[115]
(2.39)

(2.40)

Fukutake and Rajakumar [14] performed experiments at room temperature over
an extensive range of conditions relevant to both molten iron and slag flow. In
Fukutake‟s formulae, static holdup depends on the liquid properties (density and
surface tension), bed properties (voidage and particle size), and interaction
between the liquid and bed material (wettability), all expressed in flow
dimensionless numbers. In addition to these parameters, dynamic holdup
depends on the velocity and viscosity of the liquid.

Tanaka et al. [66] showed there was excellent agreement between
experimentally measured (at room temperature) holdup data and data
calculated by Fukutake‟s formulae for an aqueous solution flowing through a
bed packed with alumina spheres, as given in Figure 2.14.
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Fig. 2.14 Comparison of experimentally measured dynamic holdup with that
estimated by Fukutake formula [66].
Fukutake et al. [14, 111] carried out a similar study with gases and liquids
flowing against the current in packed beds at room temperature, under
conditions similar to the blast furnace dripping zone. This was achieved by
controlling the flow dimensionless numbers in the experiment within the order of
magnitude of those of the blast furnace (
=0.18-3500,

= 0.005-22,

=8.6-63,

=2-59). The influence of gas flow on total holdup was taken

into consideration by using a pressure loss term (XP) so that the total holdup
under the effect of gas (Htg) could be determined

(2.41)
where the pressure loss term is given by:

*

+

(2.42)

where Δl is the bed length and ΔP is the pressure difference across the bed.
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Under blast furnace conditions static holdup is generally greater than dynamic
holdup [19, 67, 91, 107]. Dynamic holdup was approximately 10-15% of the
total hold up for metal and 20-30% for slag [67, 68], which may be attributed to
the low superficial liquid velocity in the blast furnace, considering the
dependency of dynamic holdup on liquid velocity [6, 14]. This emphasises the
significance of the static holdup effect on blast furnace operations.

It is useful to characterise the basic parameters of this zone used in the study,
and the simulation of the packed beds. The data sources for such information
come from operational blast furnaces, or by dissecting blast furnaces at the end
of their life [6].

2.5. Experimental simulation and mathematical modelling of the flow
through the blast furnace lower zone
In introducing and characterising the liquid holdup (Section 2.4.1.2.),
experimental and mathematical approaches were briefly considered. Due to
their importance, a more detailed review will be presented in this section.

An experimental simulation of the blast furnace lower zone flow phenomena
was carried out to describe the flow of liquid phases through a packed bed with
or without counter-current or lateral gas flow. Mathematical modelling used the
experimental results to link dimensionless flow numbers (equations 2.32 2.35)
to liquid holdup and other flow parameters. In turn, physical simulation models
were designed, in some cases, to validate the mathematical models.

2.5.1. Room temperature experimental simulation of lower zone
The basic concept of all room temperature simulations of the lower zone of a
blast furnace is almost the same, but the characterisation methods varied.
In general, packed beds made from a number of materials were constructed
with varying dimensions so that liquids, with or without the association of gas
flow, flowed through the bed vertically. The liquid flow was collected underneath
the bed in a controlled manner so that its quantity and distribution could be
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measured. The liquid was allowed to flow through the bed for a period of time
sufficient to irrigate the bed in a steady state. To determine the dynamic liquid
holdup, the supply of liquid was stopped and the liquid collected at the bottom of
the bed from this moment was measured. Static holdup was measured as the
liquid which did not drain from the bed.

In these experiments the liquid iron and slags were simulated by water, ethanol,
glycerol or oil, while coke was simulated by glass beads, stainless steel,
polymers, or alumina spheres [8, 14, 65-68, 71, 72, 75, 76, 84, 102, 103, 106,
112, 116-119].
.
The methods used to determine the dynamic and static holdup involved:
1- Measurements of the in-and-out flow rates in the packed bed, and
construction of the supply and drain curves as detailed previously (refer to
Figure 2.13) [21, 71, 84, 91].
2- X-ray or gamma ray imaging of a packed bed during flow [84, 110] that
allowed measurements of how much of its volume was occupied by the
liquid.
3- Measurements of the change in bed weight during operation [14], where
the dynamic and static holdup were measured in terms of the increase in
bed weight during and after stopping the water flowing though the bed.

A representative example of such models is the one constructed by Liu et al.
[117] where a variety of liquids such as water and glycerol were used to flow
through packed beds of 9.0 - 19.4 mm diameter wax spheres. Compressed air
was introduced horizontally into the packed bed to replicate lateral gas flow
from the tuyeres. A schematic of the apparatus is shown in Figure 2.15.

41

Fig. 2.15 A schematic diagram of the cold model apparatus of Lui et al. [117].

The results of the cold models included demonstrations of the effect of the gas
flow rate on the liquid flow shift angle and an estimation of the gas-liquid drag
coefficient. They also described the effect of particle size, liquid velocity, liquid
density, and viscosity on liquid holdup and flow distribution through the bed.

The liquid residence time within the bed was characterised in different ways.
Luomala et al. [120] were able to measure the residence time of tracer
injections of saturated sodium chloride solution based on the measurements of
electrical conductivity.

In the cold experiments the liquid flow could be continued over extended
periods of time. This allowed for attaining a steady-state flow leading to
relatively more representative measurements of liquid holdup and liquid
residence time. Another advantage provided by cold models is that the walls of
the bed can be transparent which enables the flow patterns during experiments
to be visualised [71].
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However, there are disadvantages to cold experiments. The lack of interaction
between liquids and solids, with no heat or mass transfer or chemical reaction
occurring, and the difficulty of using liquids with similar densities do not provide
a similarity with the operational conditions of blast furnaces.

Key findings of cold experiments:


The static and dynamic liquid holdup within a packed bed could be
characterised and related to flow dimensionless numbers for conditions
similar to the lower zone of a blast furnace.



Empirical correlations for static and dynamic holdup, and liquid-solid
contact area were obtained in terms of dimensionless numbers [14, 107].



The pattern of unsaturated liquid flow through a packed bed can vary
between droplet and rivulet patterns. It was demonstrated by Liu et al.
[121] that the low velocity and high wettability system is associated with a
droplet flow pattern, while systems with high velocity and low wettability
were associated with a rivulet flow pattern [121].



The liquid residence time in a bed depends on its flow rate, such that the
higher the drain rate, the shorter the residence time [120].

2.5.2. High temperature experimental simulation of lower zone
The disadvantages of cold experiments have been dealt with by carrying out
experiments at high temperature utilising liquids (liquid metal and slag) and bed
materials (coke) that are similar to those in the lower zone of a blast furnace
[16-20, 29].

Not many experimental works to simulate the lower zone at high temperature
and using the same phases that exist in the blast furnace have been conducted.
One of the earliest hot experiments reported was done by Takada et al. [16],
followed by Hino et al. [29], Ohgusu et al. [17], and finally, the comprehensive
work by Husslage [19].
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Takatade et al [16] set up an experiment to study the smelting and reduction
behaviour of chromium ore and iron ore in coke packed beds (a schematic of
the apparatus is given in Figure 2.16).

Fig. 2.16 Experimental apparatus used for chromium and iron ores flow in cokepacked bed [16].
In their setup they used an electric furnace to heat a coke packed bed in a
graphite crucible to temperatures between 1500-1700ºC, into which ore pellets
were fed by a table feeder. The melt then trickled though the packed bed and
was collected in a crucible on a load cell. In this work the supply and drain
curves of iron ore and slag passing through the bed were obtained. The study
focused on the liquid residence time and its relationship to the properties and
temperature of the bed. It was reported that the average residence time of the
liquid in the packed bed increased with the height of coke packed bed and
decreased with an increase of coke particle size and temperature [16].
Ohgusu et al. [17] carried out hot experiments to clarify the dropping behaviour
and residual mass of molten slag in the lower part of a blast furnace. A
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schematic of the apparatus used is given in Figure 2.17. The study focused on
the factors affecting static holdup. It was reported that static holdup increased
from 1 to 3% with an increase from 0.9 to 1.2 of slag basicity under the same
experimental conditions. It was indicated that the increase in static holdup with
increasing basicity was associated with changes in surface tension of the slag
and wetting with changes in its composition [17].

Fig. 2.17 Experimental apparatus for slag flow in a coke packed bed by Ohgusu
et al. [17].
Husslage et al. [18-20] tackled the study of the dynamic distribution of sulphur
transfer in a blast furnace by setting up an experimental design that involved
using a screw feeder and/or a crucible feeder for slag and metal materials. A
schematic of the apparatus used is given in Figure 2.18. The experiments were
carried out at a temperature range from 1400- 1600 ºC and involved a mix of
slag and metal flow. This study demonstrated that the available holdup formulas
(see Table 2.5) that were based on cold experiments were incapable of
accurately describing the holdup of liquid slag and iron in a (non pre-saturated)
coke packed bed.
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Fig. 2.18 Experimental apparatus for slag flow in a coke packed bed by
Husslage [19].

The results of hot experiments focused on holdup measurements and their
relationship to particle size, temperature, and material properties. A typical
example of Husslage‟s liquid holdup measurements is given in Figure 2.19 [19].

Fig. 2.19 Example of dripping curve recorded in an experiment using a screw
feeder for supply and a balance for the drain [19].
Despite the valuable knowledge obtained from high temperature experiments
about flow behaviour and holdup, the common observation in these
experiments is that the bed could not be considered fully irrigated at any point of
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time during the runs. This implies that bed saturation and steady-state flow were
not attained [19]. Table 2.6 summarises a comparison between the main
parameters of the three hot experimental methods discussed.

Table 2.6 Comparison between the parameters of three high temperature
experiments in the literature.
Takatade 1984
Husslage 2004
Experiment
Ohgusu 1992 [17]
[16]
[19]
Chromite and iron
Slag pellets and
Material fed
Slag powder
ore pellets
Iron mix powder
Micro screw
Feeding crucible
Feeding system
Table feeder
feeder
and screw feeder
Feeding rate,
1.5 – 7.5
23
4–9
g/min
Temperature
1560 - 1710
1450- 1550
1400 – 1600
range, ºC
Height of coke
50 – 100
50 – 80
175
bed, mm

Characterisation of the liquid residence time in high temperature
experiments
Due to the difficulty of adding a tracer element into hot experiments, another
method of measuring the residence time was applied by Husslage [19]. Here
the residence time was related to the time passing between supplying and
collecting a certain volume of liquid, as illustrated in Figure 2.20 and given in
equation 2.43. This method only gives the indicative average residence time for
this volume.

ART (V )  t D (V )  t S (V )

(2.43)

where ART(V) is the average residence time for volume V, ts(V): the
experimental time until volume V has been supplied to the bed, tD(V): the
experimental time until volume V has been drained from the bed.
The measured ART ranged between 12 – 30 minutes for different mixes of iron
and slags [19].
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Volume of liquid

Cumulative supply
Cumulative drain
V

Time
tS

tD

Fig. 2.20 Procedure to determine the average residence time of the liquid. tS:
the experimental time until volume [V] has been supplied to the bed, tD: the
experimental time until volume [V] has drained from the bed [after Husslage
[19]].

Takatade et al. [16] showed that the liquid residence time was also affected by
the temperature of the coke bed. The higher the temperature the less time liquid
resided within the bed particles, as shown in Figure 2.21. This might be
attributed to the decrease of liquid viscosity at higher temperatures [16], but it
should be noted that the residence time includes static and dynamic
components and may also be influenced by the melting time.
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Average residence time, min

Temperature of coke packed bed, °C
Fig. 2.21 Relationship between the average residence time and temperature of
coke bed [16].
Key findings of high temperature experiments:


Slag and iron flow concurrently through the coke bed in funicular flow
where the slag envelopes the iron [18-20].



Slag and iron flow in rivulets, neither of which are evenly distributed
throughout the bed [18-20].



The liquid only visits a limited number of possible flow paths (through the
bed pores) [18-20].



A certain liquid pressure needs to build up before a flow occurs. Liquid
drains in small plugs (batches) even if not supplied in plugs, confirming
that a threshold liquid mass is necessary for flow to occur [18-20].



The liquid flow pattern and holdup depends on the liquid-coke contact
angle, the liquid chemistry, the distribution of ash in the coke, and the
size and sphericity of the coke particles and bed packing density [18-20].



The liquid residence time within a bed decreases with an increase in the
supply rate and the size of the coke particles [19], as well as an increase
in the bed temperature [16].
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 Mathematical formulas that are based on cold experiments failed to
predict the liquid holdup in high temperature experiments in non prewetted beds [19].

2.5.3. Summary of the characterised liquid holdup by an
experimental simulation of the blast furnace
Table 2.7 provides a summary of some figures of static, dynamic, and total
liquid holdup available in the literature, for both cold and hot experimental
approaches.
Table 2.7 Summary of liquid holdup values as characterised by room
temperature and high temperature experimental work in the literature.
Experiment

Reference

Hs

Hd

Ht

Room
temperature

Fukutake et al. [14]

1.8 – 4.5

0.0 - 4.5

1.8 – 9.0

Husslage [19]

0.06 – 0.94

0.2 - 2.5

0.3 – 3.3

Usui et al. [91]

2.0 – 6.0

0.2 – 2.5

2.2 – 8.5

Kawabata et al. [103]

2.0 – 5.0

0.0 – 1.0

2.0 – 6.0

Bando et al. [87]

0.0 – 0.1

0.0 – 0.1

0.0 - 0.2

4.0– 13.0

0.0 - 14.0

18.0 – 27.0

5.8 – 11.2

0.0 - 2.1

5.8 – 13.3

High
temperature

Takatade et al. [16] iron
ore through coke
Husslage [19] slag and
iron through coke

2.5.4. Particle size used in the experimental approach
In a packed bed the particle size distribution has a major effect on packing
density, as described in Section 2.3.6.2. Due to its importance, a summary of
the particle size used in cold and hot experiments is given in Table 2.8.
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Table 2.8 Comparison between the particle sizes used to pack the beds in the
reviewed experiments.
Experiment
type

Cold

Hot

Experiment

Particles material

Bed container

Particle
size, mm

Kawabata
1998 [103]

Spheres of
polymers, glass
and metal.

Cylinder of a
200mm diameter

5.4-30.0

Kawabata
group 2005
[116]

Spheres of
stainless steel

Nogami 2004
[99]

Polystyrene–
polyethylene foam
particles

Takatade 1984
[16]

Metallurgical coke

Ohgusu 1992
[17]

Metallurgical coke

Husslage 2004
[19]

Metallurgical coke

Rectangular box of
a cross section
550 x 60mm
Cold blast furnace
of a 260mm belly
diameter
Cylindrical crucible
of 50-60mm
diameter
Cylindrical crucible
of a 60mm
diameter
Cylindrical crucible
of a 60mm
diameter

6.4
2.8
(average)
6.5 – 13.5
11.0 – 13.0
4.0 – 11.1

2.5.5. Mathematical modelling approach
CFD modelling of liquid flow [98] in the dripping zone has been undertaken by a
number of researchers [65, 67, 68, 72, 77, 97, 98, 102, 122, 123]. Given the
specialised nature of this type of modelling, only key findings are reported. For
full details of the modelling approaches, see the original references. These
models have been developed to predict liquid holdup, liquid and gas flow
velocity, temperature distribution, as well as areas of interaction between the
different phases (gas- solid- liquid). The models have been validated against
cold physical models [8, 66, 72, 76, 77, 84](most common approach), or blast
furnace operational data such as temperature, and top gas analysis [98].
A typical approach is that of BlueScope Steel Ltd.‟s “SHAFT” model that
couples fluid, mass and heat transfer of the gas, solids, and liquid phases to
predict the position and shape of the cohesive zone, as well as estimating the
distribution of liquid in the lower zone. Chew et al. [67, 77] attempted to quantify
the complex interactions between gas, liquid, and solid under blast furnace
conditions. The model formulation relied substantially on the counter-current
flow analysis as defined by Fukutake‟s formulae [14] (Equations 2.19 – 2.24)
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which were modified based on experimental findings [67, 77]. They then used
the modified equations in a force balance model to describe the effect of gas,
liquid, and packing properties on liquid holdup in the blast furnace. The model
utilised industrial blast furnace data and the physical properties of liquid slag
and metal, and assumed a unified bed packing density of 0.6 and coke particle
size of 35 mm in the lower zone. Typical results of the “SHAFT” are given in
Figure 2.22.

Fig. 2.22 Results of “SHAFT” model applied to BlueScope Steel‟s Port Kembla
No.6 Blast Furnace [77].
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Key findings of the mathematical modelling


Static and dynamic liquid holdup and other important flow parameters for
a packed bed operation similar to blast furnace conditions could be
predicted using formulas based on fundamental equations and force
balance and dimensionless flow numbers.



The models account for the effect of gas, liquid, and packing properties
on liquid flow, as well as the effect of liquid on gas flow.



During flow, liquid droplets or rivulets are not in continuous contact with
the packing. The liquid-solid contact area could be related to liquid
velocity and dynamic holdup through equation 2.44 [75],
(

( )

)

√(

(

) )
(

)

(

)

(2.44)

where Als: area of contact between liquid and solid, Hd: dynamic holdup, Uol:
liquid superficial velocity.

2.6. Key properties important in the flow of liquid through the lower
zone
The relations of Fukutake [14] (equations 2.19 – 2.24) are a good basis to
decide the key properties important in fluid flow through a packed bed. The
important properties from these relations are the wettability of bed particles by
liquids (slag and metal), and the surface tension, density and viscosity of liquids
(slag and metal). What follows is not a complete review of the properties but a
statement of what is currently known or accepted values for these key material
properties.

It is also important to understand the phase stability and liquidus temperature of
the liquid iron and slag in the dripping zone. Data for these properties and the
phase stability of blast furnace slag and iron are given in Section 2.6.5.
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Unless otherwise stated, the Slag Atlas (1995) [35] will be the primary source
of slag data based on its comprehensive review of the chemistry and physical
properties of slag.

2.6.1. Viscosity of liquid iron
Investigations of the viscosity of pure iron showed a high level of variability [124,
125]. Iron flowing in a blast furnace does not exist in a pure form but is alloyed
with other elements, and most importantly, with carbon. The viscosity of liquid
iron in the blast furnace has been reported to be approximately 0.005 Pa.s for
the temperature range in the dripping zone (T=1500-1600 °C)[18, 67, 91]. This
agrees reasonably well with the estimated viscosity of liquid iron of 0.0069 Pa s
at 1535 ºC by Iida and Guthrie [125] and of 0.0058 Pa s at 1550 ºC by Assael et
al. [126].
The viscosity of the iron-carbon system was investigated by Barfield and
Kitchner [127] (see Figure 2.23), who found that the viscosity decreases with
temperature and a carbon content above 2mass%.
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0.08
0.07

1500°C

1450°C

1550°C
0.06

1600°C

0.05

Viscosity, 0.1 Pa.s

1400°C

0

1.0

2.0
3.0
4.0
Carbon, wt %
Fig. 2.23 The compositional and temperature dependence of the viscosity of FeC melts [127].

2.6.2. Viscosity of liquid slag
Molten slags have a wide range of viscosities, varying over three orders of
magnitude depending on its composition, temperature, and heating regime [35].
In a blast furnace the composition and viscosity of slag can change enormously.
Primary slag formed in the cohesive zone depends on the nature and
mineralogy of the burden. Calcination and assimilation of limestone occurs
slowly and therefore the initial slag derived from lump ore or acidic pellets is
acidic, consisting essentially of FeO, SiO2 and Al2O3 with some MgO, and a
viscosity as high as 100 Pa.s [2]. As slag descends its basicity increases and
hence its viscosity decreases [2]. This, however cannot be generalised because
initial slags are not necessarily CaO-poor due to the addition of CaO in the
sinter. In fact the average slag leaving the cohesive zone may be of higher
basicity than hearth slag since it may not yet have assimilated all the acidic
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components from the pulverized coal and coke ash [36]. At the temperatures in
the dripping zone, a typical slag with a basicity ratio of 0.9-1.2 is generally
considered to be fluid, with a viscosity of between 0.2 – 1.0 Pa.s at 1500 ºC.
Figures 2.24 and 2.25 provide examples of the viscosities of blast furnace slag
in the system Al2O3-CaO-FexO-SiO2 and the system Al2O3-CaO-MgO-SiO2
respectively [35]

Fig. 2.24 Viscosity in 0.1 Pa.s at 1300°C for Al2O3-CaO-FexO-SiO2 melts
containing (a) 5 and (b) 15 mass % of Al2O3 [35].

Fig. 2.25 Viscosity in 0.1 Pa.s at 1500°C for Al2O3-CaO-MgO-SiO2 melts
containing 10 mass % MgO [35].

56

There are numerous models that predict the viscosity of slag [35, 128-132]; the
Riboud model [130, 133] is one that is considered to give reasonable
predictions for blast furnace slags.

The Riboud model [133] was developed to estimate the viscosity of continuous
casting powders and has found wide applicability for other slags, particularly
blast furnace slags. A brief description of the basic model formulae is given
below [133].

The slag constituents are classified into five different categories whose mole
fractions X are given by:

i.

X'SiO2  XSiO2  XPO2.5  XTiO 2  XZrO 2

(2.45)

ii.

X ' CaO  X CaO  X MgO  X FeO1.5  X MnO  X BO1.5

(2.46)

iii.

X Al 2 O 3

(2.47)

iv.

X CaF2

(2.48)

v.

X ' Na 2O  X Na 2O  X K2O

(2.49)

Then parameters A and B are calculated from the mole fractions of the five
categories by equations 2.50 and 2.51 respectively.

A  exp(17.51  1.73 X ' CaO  5.82 X CaF2  7.02 X ' Na2O  33.76 X Al2O3 )

(2.50)

B  31140  23896 X ' CaO  46356 X CaF2  39159 X ' Na2O  68833 X Al2O3

(2.51)

The slag viscosity is then calculated in terms of parameters A and B as follows:
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  AT exp( B / T )

(2.52)

where μ: slag viscosity in Poise, T: temperature in K.

2.6.3. Interfacial phenomena
The behaviour of liquids flowing through a packed bed is, to a great extent,
influenced by how liquids and solids interact at the interfacial level. Whether the
liquid wets the solid surface or not determines not only how much pressure is
needed to build up for the liquid to enter a bed‟s pore, but also the contact area
between liquid and solid particles [118].

In Section 2.3.4 the concept of surface tension and wettability in packed beds
was discussed and it was shown that the flow through the pores of the dripping
zone depends on the wettability of liquid iron and liquid slag to the coke.

As indicated by equation 2.29, a non-wetting liquid (high contact angle >90°) will
preferentially flow through voids with larger necks and will tend to flow with
minimal contact area with pore surface. If wettability is high (low contact angle
<90°), the liquid will be imbibed into a coke pore and adds to the static hold up,
because it will not be released until the coke has been consumed.

2.6.3.1. Interfacial measurements (wetting) of liquid iron on coke
Interfacial measurements of iron on coke are problematic because there is a
significant reaction between the two materials. Researchers have estimated a
wide range of different figures for the contact angle between iron and coke in
blast furnace of 125º [14], 90º [67], and 110-120º[19] over the temperature
range of the lower zone. The reactivity issues relate to the solubility of carbon in
iron and the mineralogy of coke. The reactivity of iron on coke is not the only
factor that explains the scatter/uncertainty in the data. This scatter/uncertainty is
also a result of the heterogeneous nature of the coke (discussed in Section
2.2.6).
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2.6.3.2. Interfacial measurements (wetting) of liquid slag on coke
The interfacial phenomena between slag and coke have been investigated in
several studies [64, 134-138]. Generally slag does not wet the surface of the
coke unless reactions where mass transfer takes place over time occur [85].
The reduction of iron and silicate oxides present in blast furnace slag and the
oxidation of coke and assimilation of its ash content in slag cause the contact
angle between slag and coke to decrease with time [19, 42, 134, 136, 138] (see
Figure 2.26). One of the main reactions is the reduction of silica in the slag by
carbon in the coke. At a temperature of 1300-1500°C, in the presence of
carbon, silica can react to form either silicon carbide or vapour of silicon
monoxide in a two-stage reaction system (equation 2.54 and 2.55) where silicon
carbide forms prior to its further reaction with silica [139].
(2.54)
(2.55)

Fig. 2.26 Variation of contact angle with time for different slag on raw coke
substrate at 1500 ºC [134]. The composition of the slags in mass % is
Slag 1: CaO 39.0, SiO2 39.4, Al2O3 10.1, MgO 5.6, Fe2O3 5.9
Slag 2: CaO 43.8, SiO2 34.6, Al2O3 10.1, MgO 5.6, Fe2O3 5.9
Slag 3: CaO 47.8, SiO2 30.6, Al2O3 10.1, MgO 5.6, Fe2O3 5.9 [134].
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The contact angle of slag on coke varies widely depending on the compositions
of the slag and coke, and time. The temperature is a significant factor in
determining the slag properties [129, 133] such that

the interaction and

wettability of the slag to the carbonaceous materials are highly influenced by
any change in temperature [85, 138].
The wettability of slag and coke may also be influenced by phases that might
exist or form at the interface, such as silicon carbide. The wetting of SiC by
CaO-SiO2 slags over a wide range of values (see Figure 2.27) [140]. It is known
that under blast furnace conditions SiC can form in slag reacting with coke
[139]. Therefore, contact angle measurements of slag on SiC may have
relevance to a study on liquid slag flow through a coke packed bed. Figure 2.27
shows the contact angle measurements of CaO-SiO2 binary slags on SiC [140].
The contact angle between CaO-SiO2 slags and SiC can drop from
approximately 80° to values between 10° and 40° after about 10 minutes of
contact time [140].

It was found that the contact angle between slag and SiC depends on the slag
chemical composition and atmosphere, whereas the heating rate (temperature)
has no significant effect. Further it was found that the contact angle increased
with increasing SiO2 content of the slag [140]. It is reported that the formation of
SiC is related to the dynamic behaviour of wettability of slag-carbonaceous
materials systems[141].
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Fig. 2.27 Variation of contact angle with time for different slags on SiC single
crystal substrates at 1600°C [140]. The composition of the slags in mass % is
Slag A: CaO 55, SiO2 45
Slag B: CaO 50, SiO2 50
Slag C: CaO 45, SiO2 55
Slag D: CaO 40, SiO2 60

2.6.4. Density of liquid iron and slag
The densities of liquid iron and blast furnace slag are temperature dependent
and generally decreases as temperature increases [35, 142]. For pure liquid
iron at 1600 ºC the density is approximately 7.0 g/cm 3 [125] which has been
used to estimate the volume of hot metal in the blast furnace hearth [122].
However, for liquid metal flowing in the blast furnace dripping zone, a figure of
6.6 g/cm3 has been commonly used by a number researchers [14, 19, 67, 111].
For a slag system of the four components CaO- SiO2- Al2O3- MgO in a basicity
range from 0.8 to 1.3 that can, in addition to FeO, be taken as a representation
of blast furnace slag, the density was found to be in the range of 2.62 – 2.85
g/cm3 at 1550ºC [35] which agrees with many researchers‟ estimation of blast
furnace slag of 2.66 g/cm3 [14, 18, 67]. Figure 2.28 shows the effect of
composition (SiO2 ) on the density of slag at 1500°C [35].
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Fig. 2.28 Effect of SiO2 concentration on the density of CaO- SiO2- Al2O3 –MgO
system containing 10% Al2O3 at 1500°C [35].

2.6.5 Phase equilibria of iron and slag
Phase diagrams showing liquidus temperatures and phase stability are given for
Fe-C [143], Al2O3-CaO, Al2O3-CaO-SiO2, Al2O3-CaO-SiO2-MgO, Al2O3-CaOSiO2-FeO [35] (see Figures 2.29, 2.30, 2.31, 2.32, 2.33 respectively).
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Fig. 2.29 Phase diagram of the Binary system C-Fe [143].
There are also various thermodynamic software packages such as MTDATA
[144], FactSage [145] and Thermo-calc [146] that can be used to calculate
phase equilibria. While all of these packages have their own internal
architecture for dealing with the different phases/species, they are all based on
Gibb‟s free energy minimisation to predict the equilibrium phase stability. A
detailed review of these packages is beyond the scope of the present study, so
please refer to the references for more details on the thermodynamic packages.
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Fig. 2.30 Phase diagram of the Al2O3 – CaO system [35].

Fig. 2.31 Phase diagram of the Al2O3-CaO- SiO2 system [35].
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Fig. 2.32 Phase diagram of the CaO- SiO2- Al2O3 –MgO system containing 15%
Al2O3 [35].

Fig. 2.33 Phase diagram of the Al2O3-CaO- FeOx-SiO2 containing 5% FeO [35].
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2.7. Key issues in the literature that need to be addressed
Due to its profound effect on blast furnace operations, liquid flow in the dripping
zone of the blast furnace has been studied and simulated both experimentally
and by numerical modelling. Both methods approximate the dripping zone as a
packed bed through which liquid iron and slag flow.


Experimental simulation at room temperature using liquids such as water
and oils and bed packed of steel, ceramic and polymer particles have
been carried out. The results have related the liquid holdup and other
flow parameters to the liquids and bed properties and flow rate, but failed
to address the effect of the changing liquid-solid interaction due to
reaction on the flow.



Only a limited numbers of high temperature experiments have been
carried out on blast furnace working temperatures. Liquid slag and iron
were used to flow through beds packed with metallurgical coke. Valuable
information on liquid flow behaviour and its holdup has been generated.
Indeed it was shown that liquid-solid interaction and wettability play a
major role in determining the flow pattern, liquid holdup, and liquid
residence time.



Mathematical formulas to describe liquid holdup and other flow
parameters in terms of the flow dimensionless numbers have been
developed based on the available room temperature results. These
model predictions did not agree well with the results of the high
temperature simulation.



The high temperature simulation had limitations in the setups and the
materials used, indeed a common and significant observation in these
experiments is that the bed had not reached a fully-irrigated condition at
any point of time. The inherent heterogeneity of the coke in terms of
mineralogy and porosity makes the control and reproduction of such
experiments problematic.



The need of a controlled and reproducible high temperature simulation of
flow through the lower zone of the blast furnace is crucial for
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representative results. The recent development of a coke analogue
provided a material with reproducible and controlled properties with
carbon dissolution behaviour under blast furnace conditions similar to
metallurgical coke, yet without its negative heterogeneity. This presents a
suitable supplement to metallurgical coke in the high temperature
simulations. It is also necessary to test the effect of bed irrigation
conditions on the flow phenomena by comparing the results of feeding
the liquid to both non-reacted dry beds and pre-irrigated beds.
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3. Experimental
To investigate the flow phenomena of liquids through reactive coke packed
beds, three experimental techniques were adopted in an integrated approach to
simulate the flow of liquid slag in the lower zone of the iron making blast
furnace, at a range of temperatures similar to the dripping zone.
1- Single channel flow experiments to determine the critical pore neck size
which allows the slag to flow through and to define important
experimental details of the packed bed experiment (Experiment 3).
2- Sessile drop dynamic wetting measurements to determine the wetting
angles between the slags and bed materials used to understand the
changes in wetting with time. The wetting angle is needed to calculate
the static and dynamic liquid holdup from dimensionless numbers
(Equations 2.34 and 2.35 and Table 2.5).
3- Packed bed experiments to characterise and understand liquid slag flow
through a packed bed and to determine the liquid holdup and residence
time within the bed for a number of variables.

While the experimental program was focused on the study of the flow of liquid
slags through a coke packed bed, it was also decided to use a coke analogue
as a supplement to coke. This is a more controllable material suited to
laboratory studies that has been shown to replicate coke reaction behaviour at
high temperatures [23, 24, 63, 64].

Furnace calibrations, general materials preparation and gas scrubbing details
are given at the end of this chapter and in Appendices I and II.
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3.1. Flow of slag through a single coke channel experiment
To obtain the knowledge of the critical coke channel size for the slags of interest
to flow through, an experiment was designed to simulate the flow of slag
through the throat of the inter-particle voids of a coke bed (pore necks). Key
variables assessed were:


Slag composition.



Coke analogue composition (mineral type and content).



Coke channel diameter.



Time.

The concept was to investigate the minimum channel diameter that allowed free
vertical flow of the slag. In this experiment, slag was melted in a funnel
machined out of coke, coke analogue or graphite which had an exit channel
with a variable diameter. The aim was to investigate the “flowability” of slag at
1500°C through the channel for a fixed time of 30 minutes (see Figure 3.1a for a
schematic).

In addition to providing a fundamental characterisation of the flow properties of
slag, this information was used in the design of a, experimental cell for a coke
packed bed to assess the liquid holdup.

3.1.1. Experiment setup and technique
An electric resistance furnace (Ceramic Engineering Furnace Manufacturers,
Australia) capable of reaching 1700°C was used to accommodate the
experimental set up shown in Figure 3.1. A slag pellet of 1.42 g in weight of
synthetic blast furnace-type slag was placed in a funnel shaped cavity made of
various carbonaceous materials (industrial feed coke, coke analogue, and
graphite). Full details of the composition of the slags and the carbonaceous
materials are given in Tables 3.1 and 3.2. The diameter of the channel was
varied between 1.5 and 5.0 mm in steps of 0.5 mm. The funnel was placed onto
a graphite holder plate that had a hole to allow the slag to drip freely into a
graphite crucible. The whole setup was fitted within the hot zone of the furnace
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(as shown schematically in Figure 3.1.b), and heated to 1500 °C under an
argon (99.99% purity) atmosphere. It was held at that temperature for 30
minutes and then slowly cooled to room temperature in accordance with the
schedule given in Figure 3.2. The control of the temperature and atmosphere of
the heating furnace can be found in Appendix-I.

Ф10 mm

Ar out

Slag pellet

Coke
funnel

Heating
elements

Slag
pellet

Graphite
collecting
crucible

Coke
funnel

60

Furnace
tube

7 mm
Channel diameter
(variable)
Ф17 mm

d

Pedestal

Ar in

Fig. 3.1a: A schematic presentation of
the flow of slag through a single coke
channel.

Fig. 3.1b: A schematic diagram of the
apparatus for the single channel flow
experiment.

Fig. 3.2 A schematic of the heating regime during the single channel flow
experiments.
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Once cooled, the sample was removed for inspection. The extent of slag flow
into or through the channel, and any interaction/reaction the slag had with the
particle, were characterised using optical and electro-optical techniques. For the
purpose of SEM and EDX examination, all the samples were carefully mounted
in cold resin dyed with fluorescent epo-dye which serves to identify slag from
resin, and place into a vacuum atmosphere. After the resin had hardened the
samples were sectioned and prepared for examination.

Due to the high number of variations in material combinations and channel
diameters, a graphite holder plate with 3 holes was utilised so that three
different channel diameters could be tested together in the same run. Figure 3.3
shows a photograph of the setup before being placed into the furnace.

Slag pellet and
coke funnel

Holder plate

Graphite collector
crucible

Fig. 3.3 A photograph of the slag, funnel, and crucible assembly.

The channel shown in Figure 3.1a approximates the inter-particle pore neck of a
coke bed. After machining, the diameter was confirmed via optical methods. A
digital image of the bottom of the funnel was taken and the diameter was
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obtained via image analysis package VideoPro32 [147]. A typical image is given
in Figure3.4.

Fig. 3.4 An image of the cross section of coke analogue channel (d=3.5 mm) for
optical measuring. The major notches of the ruler are 1 mm apart.
For most of the experiments, a 30 minute dwell time was used. But to
understand the effect of time (or rather slag-funnel reactivity), times up to 90
minutes were allowed for selected combinations of slag-coke.

In order to observe when the slag flowed through the channel, a modified
experiment was carried out. Similar sample setup as used before to carry out
the experiment in a horizontal furnace. Schematics of the setup used are given
in Figures 3.5 (a) and (b). The materials used were slag C through coke
analogue-MM (12 %) funnel with a 4.0 mm exit channel diameter.
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Alumina support twin plates

Alumina block

Coke
funnel and slag
Slag
drop

2x telephoto lens +
2 Hoya filters (NDX4 and
NDX400

(a) Section through the horizontal tube furnace.
Slag pellet
Diameter = 10 mm
Coke funnel
Diameter = 18 mm
Alumina twin plates

Tabular alumina bath
Alumina tray
Alumina furnace tube
Inner diameter 70 mm

(b) Side view as seen from the camera position.
Fig. 3.5 A schematic diagram of the horizontal furnace setup to assess the time
dependency of the slag flow through a coke channel.

3.1.2. Materials
The compositions of the slag are given in Table 3.1. The slags A-D were
primarily chosen to be representative of slags in the lower zone of the blast
furnace, to be fluid at the experimental temperature, and to test how changing
the properties of the slag would affect the flow characteristics. Slag E was
introduced to represent a primary slag emanating from the top of the dripping
zone. FeO was excluded from the slag to limit reactions with the funnel and
simplify the system studied. The density, Liquidus and surface tension of the
slags given in Table 3.1 were calculated using the NPL slag models [129]. The
viscosity of the slag was calculated using the Riboud model [133].
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Table 3.1. Composition, surface tension, density and viscosity of the
experimental slags calculated at 1500°C.
Slag composition in mass
%*
Al2O3

MgO

A

46.7 31.0 12.9

8.5

1.5

Surface
tension
σ, N.m
0.517

B

44.0 34.5 12.2

8.8

1.3

0.504

C

40.7 37.4 12.5

8.8

1.1

D

34.3 43.3 12.8

8.4

E

10.1 67.0 20.6

0.3

Slag

CaO

SiO2

Density
ρ,
kg/m3
2697

0.128

Liquidus,
Temp,
°C
1500

2686

0.177

1474

0.493

2675

0.264

1477

0.8

0.469

2675

0.609

1400

0.2

0.358

2646

61.800

1374

Viscosity
μ, Pa s

* Analysed by XRF at the Central Laboratories of BSL, Port Kembla, Australia
For the funnel material, different types of minerals and mass fractions of the
mineral component of the coke analogue funnel were tested. Graphite and an
industrial coke were also assessed for comparison and to aid analysis. Details
of the funnel materials used are given in Table 3.2. The CAx minerals added to
the analogue were based on what was found in previous investigations of
reacted industrial cokes used at BlueScope Steel and are likely to exist in the
lower zone of a blast furnace [22, 25, 63, 64].
Table 3.2. Carbonaceous materials used and their mineral composition.
Carbonaceous
material
identifier
No minerals
CA1

Mineral type or mineral
composition

Minerals
mass %

No minerals
(CaO.Al2O3)

0.0
4.4

CA2

(CaO.2Al2O3)

4.4

CA6

(CaO.6Al2O3)

4.4

CA6

(CaO.6Al2O3)

12

MM

SiO2 58%, Al2O3 37%, CaO 5%

4.4

MM

SiO2 58%, Al2O3 37%, CaO 5%

12

Industrial coke*

Feed coke

Mineral matter*

~12

Graphite

Graphite

No minerals

0.0

Coke analogue

Coke type

*

Industrial coke was provided by BlueScope Steel Limited (BSL) and analysed
in a previous study [22, 24, 63]. 96.5% of its mineral component was made up
of cristobalite, quartz, mullite, fluorapatite and an amorphous phase containing
SiO2 and Al2O3.
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The mineral material in MM represents a simplified mineralogy based on the
major components found in the industrial coke. They were added in the form of
quartz (SiO2), mullite (2SiO2.3Al2O3) and lime (CaO). These compounds were
added to achieve a nominal overall mineral matter composition of SiO 2 58%,
Al2O3 37% and CaO 5% in the analogue.
The mass percentage levels of 4.4 and 12% of the minerals in the coke
analogues represent the fraction left in the coke if all the SiO 2 has been reacted
out, and the original mass fraction of the mineral component of the industrial
coke, respectively. As such no SiO2 was added to the majority of the analogues.
In the case of coke analogue –MM, however, It was thought that there is a
possibility of reduction of SiO2 of coke analogue-MM during firing it at 1600°C
(see Appendix II). However, this analogue was designed to replicate the full
mineral composition of a reference industrial coke (BSL coke) to be used as a
reference amongst other SiO2 free cokes. The study of the effect of SiO2 loss in
coke analogue–MM during preparation has not been covered in this project.

The funnels were machined out of the materials from their original forms
(Prepared coke analogue cylindrical shaped pieces, graphite rods supplied by
Morgan AM&T Australia and Industrial coke lumps supplied by BSL). The
surface finish of all samples was that obtained by precision machining. No
roughness measurement of the surface was made but all samples were
prepared using the same process and can be expected to have a similar
roughness. The key raw materials used and their purities are detailed in
Section 3.4.

Whenever the slag has partially flowed into the channel, the depth of slag
penetration though the channel was determined by measuring the distance from
the channel top edge to the intersection of slag surface and the channel walls
using an optical microscope.
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3.1.3. Key outcomes


Channel diameter that allows the slag to flow at 1500°C after 30 minutes
through coke analogue, industrial coke, and graphite.



The time at which the slag flowed at 1500°C through a 4.0 mm channel
diameter of coke analogue.

 Characterisation of the interface between the slag and the carbonaceous
funnels of the cooled down samples by means of SEM and EDS
analysis.

3.2. Dynamic wetting assessment using the sessile drop experiment
The dynamic wetting of slag on coke and other carbonaceous materials was
measured using the sessile drop technique. The main objective here was to
determine the dynamic wetting angles for a number of slag-coke systems of
interest to provide data to assess the gravity/capillary force balance in the flow
of slag through a single coke channel experiment [19, 85]. The composition of
the slag and carbon based materials used are as given in previous Tables 3.1
and 3.2.

3.2.1. Experimental setup and technique
The sessile drop technique shown in Figure 3.6 was used to measure the
contact angle between the slag melts and the coke, coke analogue, and
graphite at a temperature of 1500°C. The procedure was to heat 0.1±0.01 g of
pelletised synthetic slag on the different carbonaceous substrates (industrial
feed coke, coke analogue and graphite) to 1500°C and keep them at that
temperature for 90 minutes and then slowly cool them down to room
temperature in a resistance heating horizontal tube furnace in a high purity
argon (99.99% purity) atmosphere in accordance to the schedule given in
Figure 3.7. The control of the temperature and atmosphere of the furnace can
be found in Appendix I.
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A Sony 6.1 MP high definition video camera (HDR-SR7E) was used to record
the profile of the slag droplet and substrate during the experiment. To increase
the magnification of the video camera, a 2x telephoto lens was fitted to the
video camera. Light intensity from the furnace entering the camera was reduced
using 2 HOYA neutral density filters in series (NDX4 and NDX400). In order to
minimise any distortions of the droplet profile due to gravity, the horizontality
and levelling of the substrate were maintained with great care using a horizontal
laser beam alignment.

Coke analogue, metallurgical coke, and graphite substrate were prepared using
progressive grinding and polishing down to 1 μm diamond finish prior to use in
the sessile drop experiments.
Slag drop

Alumina block

Resistance heated
horizontal tube furnace
2x telephoto lens +
2 Hoya filters (NDX4 and
NDX400

(a) Section through the horizontal tube furnace
Slag droplet
Diameter ≈ 2 mm
Coke substrate
Alumina rod
Diameter 8 mm

Alumina tray
Alumina furnace tube
Inner diameter 70 mm

(b) Side view as seen from the camera position
Fig. 3.6 A schematic showing the sessile drop furnace setup.
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Fig. 3.7 A schematic of the heating regime during the dynamic wetting
experiments.

3.2.2. Calculation of the contact angle
Digital still images were acquired from the video clip at 10 minute intervals using
an image capture program supplied with the camera [148]. These images were
analysed to produce the contact angles. Measurement of the contact angles,
droplet diameter, droplet height, and contact radius were performed using the
image analysis software package ImageJ [149] with the “drop snake” plugin.
See Figure 3.8 for the geometry of a sessile drop. Equation 3.1 was used to
calculate the contact angle θ.
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h

θ

θ/2

θ

R

2a

Fig. 3.8 Geometry of the sessile drop approximated by a spherical cap defined
by the radius of the base and the height above the base plane.

⁄

⁄

(3.1)

3.2.3. Establishing key experimental parameters

3.2.3.1. Calculations of droplet size to be used in the sessile drop

Distortion in sphericity of the droplet above the substrate due to the effect of
gravity, and its implications on the change of contact angle were minimised by
choosing slag droplets of a diameter smaller than the calculated critical droplet
diameter as advised by Eustathopoulos [85].
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In determining the optimum droplet size (it should be less than the critical
diameter), two opposite factors were to be considered. The smaller the droplet
size, the less distorted the contact angle obtained due to gravity but the greater
the error due to image resolution. To optimise the droplet size, an experimental
assessment of the error of the droplet height deviation resulting from the
gravitational effect and error of the image resolution was carried out, and the
size of the slag droplet was chosen to minimise the resulting total error.

The effect of gravity distorting the spherical cap was represented by the
percentage difference between the measured height of the droplet hexp and the
calculated height of the droplet hcalc, based on measurements of the contact
radius and diameter using Equation 3.2 for a non-wetting droplet

√

(3.2)

The percentage deviation of the measured droplet height relative to the
calculated droplet height for a given data set (at a constant temperature) can be
expressed by equation 3.3,

(3.3)

Errors were introduced to the measured droplet dimensions of h, a and R due to
the diffused nature of the edge of the droplet in the captured image, as
illustrated in Figure 3.9. This results in an error represented by Ef being carried
through the measurements.

(3.4)
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Fig. 3.9 A schematic of a sessile drop showing feathering of droplet edge.

The definition of the droplet edge observed is dependent on the experimental
conditions, and is primarily based on the ability of the camera to focus on the
surface of the droplet. However, as the size of the droplet increases the errors
associated with this dimension decreases.

The two sources of errors, gravitational, and dimensional, were plotted together
as a percentage deviation from the calculated spherical cap height and
associated measurement error due to resolution of the droplet, for a series of
different size droplets shown in Figure 3.10. To minimise the errors associated
with both gravity and camera resolution, a droplet of slag with a nominal mass
of 0.1 g was used in all sessile drop experiments.
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Fig. 3.10 The estimated errors in measured and calculated droplet height.

3.2.3.2. Determination of time zero
Temperature is a significant factor in determining the properties of liquid slag
[129, 133], so the interaction and wettability of the slag on the carbonaceous
substrates were highly influenced by any change in temperature [85, 138]. This
requires a proper determination of the time zero point at which the slag melt
homogeneously reaches the experimental temperature. For this purpose, a
protocol of furnace heating and stabilising at the experimental temperature was
adopted, as previously illustrated in Figure 3.7 based on the thermal response
of the furnaces to changes in temperature. The time zero point was set to be 10
minutes after the thermal controller of the furnace had reached the experimental
set point.

It is realised that for systems that show significant dynamic wettability
behaviour, errors in determining time zero may become large. These errors will
be due to any reaction prior to establishing time zero.
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3.2.3.3. Effect of substrate roughness
While it is recognised that surface roughness can have an effect on the wetting
value obtained using the sessile drop technique [85], three levels of surface
finish: 1 μm, 6 μm, and 50 μm were tested for one system to study the effect of
the surface finish of the substrate on the wetting angle. The system studied was
slag C melted onto the coke analogue-MM (12%). It was found that the contact
angles measured at time zero for the three levels of roughness were 83.4°,
55.0° and 58.5° respectively. Figure 3.11 illustrates the measurements of the
contact angle over the experimental time for the three levels of substrate
roughness. Contact angels below 10° were not indicated due to the high
uncertainty associated with droplet height measurements under this condition. It
can be seen that as time passes, the angle tends toward a common value. This
is most likely to be explained by the roughness being homogenised by whatever
reactions are taking place. The effect of roughness was minimised by polishing
all the substrates to a practical finish of 1 µm.

Fig. 3.11 The effect of substrate roughness on the contact angle of slag C on
coke analogue-MM (12%) at 1500°C.
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The experiment has been assessed for repeatability by repeating the run of the
slag C melt on coke analogue-CA6 (4.4 %), representing the base condition in
terms of materials variation, three times. The contact angle measured at the
start and at the end, as well as their average values had a scatter of less than
±3.8° around the mean, which is close to the typical measurement error of a
contact angle of ±3° [85], although it is also likely that the porous nature of the
materials used and surface roughness also had an effect.

After the experiments were completed, and for the purpose of an SEM and EDX
examination, selected samples were mounted in cold resin dyed with florescent
epo-dye which serve to identify slag from resin, and then placed into a vacuum
atmosphere. After the resin had hardened the samples were sectioned and
prepared for examination.

3.2.4. Preparation of sessile drop substrates
Pieces of the coke analogue, coke and graphite were cut to approximately 8
mm thick and then one surface was ground and polished on a Struers Abramin
automatic grinding/polishing machine. The polishing schedule is given in Table3.3. Deionised water was used as a lubricant in all stages of grinding and
polishing. Between each step the substrates were cleaned with cotton wool
soaked in detergent and washed with deionised water. The substrates were
then sprayed with ethanol and dried with a warm air blower. One sample, to
investigate the effect of substrate roughness, was prepared in one step by
grinding using a SiC paper of size P500 at 20 N for about one minute to obtain
a 50 µm finish.

Al2O3 paper as opposed to SiC paper was used in preparation of selected
samples. No significant effect was found and similar results were obtained.
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Table 3.3 Automatic grinding and polishing schedule for sessile drop substrates.
Step

Grinding

Polishing

Polishing

Polishing

Polishing

Surface

Grinding
Paper

Largo Pad

DAC Pad

DAC Pad

DUR Pad

Abrasive

SiC

Diamond

Diamond

Diamond

Diamond

Size

P1200

9

6

3

1

Force, N

30

20

20

20

20

3.2.5. Experimental outcomes


The dynamic contact angle of the slag to the types of coke analogue of
interest, and industrial coke, were determined over a period of 90
minutes.



The slag-coke systems that experienced either non-wetting, dynamic
wetting, or changing from non-wetting to wetting behaviour over the
experimental time were identified.

 Characterisation of the interface between the slag and carbonaceous
substrates of the cooled samples by means of SEM and EDS analysis.

These data were used to verify the role of interfacial phenomena in the system
of the flow of slag through a narrow channel of coke. Also, the results of slagcoke wetting angle were used in the calculation of the flow dimensionless
numbers (equations 2.32-2.35). These numbers were further used to calculate
the liquid holdup by the mathematical models (equations 2.36-2.40) and
compare their results with those of the liquid holdup experiments.
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3.3. Packed bed experiment
The liquid holdup through a packed bed experiment was designed to investigate
aspects of the flow of molten slag through a high temperature packed bed of
coke under conditions that simulate the flow of liquid oxides through the coke
bed in the lower zone of a blast furnace. A schematic of the set-up used is given
in Figure 3.12.
Ar in

Screw Feeder
Heating elements

Coke Bed

Tube Furnace

Support Tube

Ar out
To vacuum pump

PC

Collecting Crucible
Scale

Fig. 3.12 A schematic of the packed bed experimental setup.

300 – 500 g of slag particles were added to the top of the hot bed via a screw
feeder at a feed rate of 3.3 g/min. The slag melted and passed through the bed
and the slag dripping from the bed was collected in a graphite crucible placed
on a balance. The main outcome from a packed bed experiment was to obtain a
supply-drain curve for the molten slag through the bed. The slag feeding rate
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was pre-set and the drained slag weight is was captured and logged with time
using a micro-balance (scale).

Screw feeder
High temperature
vertical tube furnace
Bottom collecting
box (includes
collecting crucible
and balance)

Electric geared motor

Inlet & exit argon tubes
Hopper
Flexible sealing bellow
Supporting legs
Fig. 3.13 Photographs of the experimental setup assembled within the furnace
(left), and the screw feeder fitted at the top of the furnace (right).

A typical supply-drain curve of an experimental run is given in Figure 3.14. From
these two curves, the static holdup Hs, dynamic holdup Hd, total holdup Ht, flow
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start time, ts, flow end time te and the average residence time ART could be
calculated as per equations 3.5 to 3.10.

Fig. 3.14 A typical supply-drain curve plotted on normalized axis Hs: Static
holdup, Hd: dynamic holdup, Ht: total holdup, v: liquid volume at any time, tV:
time of supply of liquid volume (v), tD: time of drain of liquid amount (v)
ts: time of drain start, te: time of drain end, ART: average residence time.

(

)

(3.5)

(

)

(3.6)

(3.7)

(3.8)

(3.9)
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(3.10)
(calculated between the start and the end of drain curve)

In this section, details of the experiment involving the flow of molten slag
through a stationary packed bed of coke at temperatures from 1500°C to
1600°C are presented. The experimental plan and the set up made use of the
knowledge obtained from other experiments to determine the minimum channel
diameter for the slag to flow through coke and an assessment of the dynamic
wettability of slag on coke, both at 1500°C. Specifically:


The bed bottom drainage holes were 7 mm diameter, which is larger
than the 4.4 to 5.0 mm diameter channel established for the flow of
molten slag through the single channel experiment detailed in Section
3.1.



The slag compositions chosen to ensure both wetting and non-wetting
systems as determined from the dynamic wetting measurements
detailed in (Section 3.2) were also used in the slag-packed bed
experiment.

Further information based on the literature was utilised in the design of the
packed bed and particle size to minimise the wall effect [81, 82] and avoid
blockage of the slag flow [19], as detailed in Section 3.3.2.2.

3.3.1. Experimental variables
The selection of the variables was primarily based on the conditions of the lower
zone of the blast furnace.

For the bed packing material, different mineral types and mass quantities of the
mineral component of the coke analogue were selected. The criteria for
determining the type of coke analogue mineral and mass content of the mineral
were discussed in the material selected for the single channel flow experiment
(Section 3.1.3). Coke analogues with 4.4 and 12 mass % of CA6 were used to
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test the effect of the quantity of mineral matter in coke. A coke analogue with 12
mass % was used to test the case of a full range of major minerals in coke in its
simplified form. Runs using industrial feed coke were also carried out for
comparison.

A base case (slag C, coke analogue-CA6(4.4%), 1500°C, non-irrigated) was
used as a reference to compare with all the other experiments. Table 3.4 lists all
the variables tested, a description of the selection criteria, including their values
and combinations of variables in the base case, and in each experimental run.

90

Table 3.4. Packed bed experiment variables. The base case values are listed in
the top double framed row. In the description of each variable, its values are
listed while fixing the other variables at the base case values (shaded).
Variable
description

Base case
Coke
3 coke analogues
to test ash type
and ash mass
content
+
Industrial coke
supplied by
Bluescope Steel

Slag
composition

Slag C

Packing material
composition

Coke analogue CA6(4.4%)

Pack-

Temp-

Bed pre-

erature

irrigation

55%

1500°C

0%

55%

1500°C

0%

1500°C

0%

ing
density

Coke analogue CA6 (4.4%)

Slag C

Coke analogue CA6 (12%)
Coke analogue MM (4.4%)
Industrial Coke

50%
Packing density
5 densities: from
loose packing
(50%) to dense
packing (68%).

55%
Slag C

Coke analogue CA6 (4.4%)

60%
65%
68%

Temperature
3 levels within
blast furnace lower
zone range
Bed preirrigation
2 cases: dry bed
and bed saturated
with slag to test
the
effect
bed
irrigation

1500°C
Slag C

Coke analogue CA6 (4.4%)

55%

1550°C

0%

1600°C
Dry bed

Slag C

Coke analogue CA6 (4.4%)

55%

1500°C
Bed
saturated
with slag
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3.3.2. Experimental setup
A 70 mm inside diameter vertical electric resistance furnace, manufactured by
Ceramic Engineering furnace manufacturers- Australia, capable of reaching
1700°C was used to accommodate a laboratory scale packed bed in a set up
previously shown in Figures 3.12 and 3.13.

3.3.2.1. Powered screw feeder
A screw feeder was designed and manufactured at the University of
Wollongong workshop to feed a range of slag particles at a variable rate. The
feeder was fitted with a variable speed motor and a cascade speed control
system to control the rotational speed of the feeder. The feeder consisted of a
hopper and a screw chamber, both of which can be sealed independently. The
feeder can be purged with argon during the experiment, either independently, or
as a part of the whole system. The hopper can hold approximately 800g of slag
particles. The feed rate for the particles varied depending on their size range
and the speed of the feeder. The feeding rate of the screw feeder was
calibrated for each type of slag and its particle size in the same set up and gas
flow rate of argon at room temperature before being used in the experiment.
This ensured that a feed rate of 3.3g/min was used for all the experiments; this
value was based partly on experiments carried out by Husslage [19], and partly
by trial and error to obtain a reasonable experimental during (of about 90
minutes). Moreover this feed rate was chosen to guarantee a flow that was
consistent with the Reynolds number (equation 2.32) of the lower zone of the
blast furnace (see comparison with Hussalge [19] experiment and actual blast
furnace data given in Table 5.4).

3.3.2.2. Coke packed bed
The packed bed cell shown in Figure 3.15 was placed inside the hote zone in
the furnace. A high purity graphite crucible with an outside diameter that would
fit inside the working tube of the furnace was used to hold the particles of coke.
The 12, 7mm diameter holes at the bottom of the crucible allow the liquid slag to
drip through while the bed particles remain in place. The lengths of the packed
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bed and the graphite crucible were determined to ensure there would be
consistent ± 11 °C temperature within the packed bed, as per the procedures
detailed in Section 3.3.8.

Coke
particles

70mm

140 mm

Graphite
crucible

Ф 55mm

12 drainage
holes Ф 7mm

Ф 65mm

Fig. 3.15 A schematic of the coke packed bed used in the packed bed
experiment.

The particle sizes used in the packed bed for the coke analogue and industrial
feed coke were between 8.0 – 10.0 mm. This size range was selected by
considering the following:


To minimise the bed wall effect, the ratio between the container and the
particle size is recommended to be greater than 6-10 [81, 82]. So based on
a 55 mm inside diameter graphite crucible a size range of at least 5.5 to
9.0 mm is the recommended range.



Based on Husslage‟s [19] packed bed studies that showed no slag could
flow when particles smaller than 8.0 mm were used to pack the bed.

3.3.2.3. Collecting system
A graphite crucible 110 mm outside diameter by 100 mm inside diameter by 70
mm deep was used to collect the slag dripping from the bed. The crucible was
placed on a “Precisa” digital scale of 0.001 g accuracy and 920 g capacity and
the weigth measured was logged via a PC. A sheet of insulating refractory
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foam was placed between the graphite crucible and the scale to protect the
scale from overheating.

3.3.3. Experimental technique
The bed was packed and placed inside the working tube of the furnace, and
then the screw feeder hopper was filled with the total amount of pre-melted,
crushed, and sized particles of slag (see Section 3.5), and sealed. The whole
system was then sealed and the atmosphere control and purging procedures
were carried out on the furnace as detailed in Section 3.4.2.

Details of

temperature and atmosphere control of the furnace can be found in Appendix-I.

A schematic showing the temperature-time profile used in the packed bed
experiment is given in Figure 3.16.

After the temperature had been stabilised the slag was fed into the furnace and
the measurement of the scale was logged. When the slag had been fed in, the
experiment was kept at temperature for a further 60 minutes to catch any
dripping slag, and then the packed bed was allowed to cool. All the crucibles
were weighed before and after the experiments.

Once cooled, the bed was removed and weighed and then mounted in a cold
resin dyed with florescent epo-dye to identify the slag from resin. Mounting was
done in a vacuum to impregnate the bed and the pores of the coke with resin.
After the resin had hardened the bed was sectioned for image and SEM
analysis.
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Experiment temperature, Deg C

1600
1550

Thermal stabilization Feeding
Further dwell
time (90 min) time (60 min)
time (60 min)

1500
1450
1400

Heating
(20 C/min)

1350

Cooling
(5 C/min)

1300
1250

Temperature profile

1200

Time, (not to scale)

Fig. 3.16 A schematic of the heating regime during the packed bed experiment.

3.3.4. Materials
The composition and properties of the slag used (slag C) can be found in Table
3.1. The porosity and bulk density of the packing materials used are
characterised and listed in Table 3.5.
Table 3.5 Packing materials used and their properties.
Packing
material

Coke
analogue

Industrial
coke

Mineral type or mineral
composition

Bulk
porosity,
%

Bulk
density,
g/cm3

CA6 (CaO.6Al2O3)

42

1.08

CA6 (CaO.6Al2O3)

41

1.09

MM (SiO2 58%, Al2O3 37%, CaO 5%)

45

1.06

Mineral matter

39

1.11
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3.3.5. Bed packing density
Packing density can effectively be controlled by changing the range of particle
sizes and the bed compaction. In the current bed setup the particle size was
fixed between 8.0 – 10.0 mm to avoid blocking the slag flow, which meant that
only bed compaction was used to obtain the range of packing density tested. A
laboratory vibrating table (Jogger - model VJ-1515) was utilised for this
purpose. Generally about 100 g of packing material was poured into a crucible
and vibrated for different times at a fixed frequency and an amplitude of 60Hz
and 55% respectively. Table 3.6 lists the vibrating time used for each packing
density obtained. For higher packing densities more particles were added to
keep the height of the bed fixed at approximately 7 cm. The bed packing
densities (ρB) were calculated using equation 3.11.

⁄

(3.11)

where ρp is the particle bulk density of the packing material

Table 3.6 Vibrating time used for each packing density.
Bed packing
density ρB,%

Vibration time,
min

Remarks

50

0

Particles are loosely poured into the
crucible and not disturbed.

55

2

------

60

12

-------

65

30

-------

68

60

This is the maximum achieved
density. Further increase in vibration
time did not increase density (ρB)
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3.3.6. Pre-irrigation of the bed with particles of slag
The pre-irrigated condition of the bed was achieved by filling the voids in the
bed with a mixture of solid particles of slag. Particles of coke were packed into
the graphite crucible over a polyethylene film and the bed was then vibrated to
achieve the required packing density. The bed was then weighed to determine
its dry bed weight (WBd). The bed particles were retained in place using a
perforated stainless steel disc.

Approximately 250g of the mixture of slag particles were mixed with 40% by
weight of deionised water in a glass container and manually stirred for 5
minutes to form slurry. The packed bed was then placed on the vibrating table
(Jogger Model VJ-1515) and the slurry was added. This is shown schematically
in Figure 3.17. The packed bed with the slurry was then vibrated for up to 60
minutes at 60 Hz frequency and 55% of the maximum amplitude and then dried
in an oven at 95°C for 48 hours.

Slag particles slurry
Adjustable height
retaining system
Retaining disc
Graphite crucible
Coke analogue particles
Polyethylene film
Vibrating table

Fig. 3.17 A schematic of the pre-irrigation of the bed with particles of slag
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After drying, the retaining disc was removed and any excess slag above the top
layer of the bed of were also removed. The bed was weighed to determine the
irrigated bed weight (WBi) and the bed irrigation (iB) was calculated as per
equation 3.12.
⁄

(3.12)
where VB: total volume of the bed, ρB : bed packing density, ρss : slag solid
density at room temperature. The slag solid density was measured in
accordance with Australian standard AS1774.5 [150].

This method was used to measure the pre-irrigation of the bed and optimise the
method of pre-irrigation. For reasons of economy and availability, tabular
alumina was used as a packing material to replace the slag in this test. Two
size ranges of tabular alumina were mixed in different fractions. A coarse size
range (-250/+90 micron) and a fine size range (-44micron). The fine size range
was chosen to be approximately 1/6 of the average coarse size for optimum fit
of the coarse particles interstices [81, 86] .

Coarse size fractions between 20% and 80% were tested and compacted for 10
minutes using the settings and procedures detailed previously, and then, in
different beds, the process was repeated using a variable compaction time
between 10 and 80 minutes, while the fraction of coarse particles were kept
constant at 60%. Plots of iB versus fraction of coarse particles and iB versus
vibration time are given in Figures 3.18 and 3.19.
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Fig. 3.18 The effect of fraction of coarse particle size range on bed irrigation
with tabular alumina at 10 minutes compaction time.

Fig. 3.19 The effect of compaction time on bed irrigation with tabular alumina at
60% fraction of coarse particle size range.

From Figures 3.18 and 3.19 it can be seen that the bed irrigation reached a
maximum when a coarse particle size fraction of 60 % and a compaction time of
40 minutes was used. These conditions were used in pre-irrigating the coke
analogue packed bed with pre-melted particles of slag. Pre-melted particles of
Slag C (see Section 3.5.1 for slag preparation) were crushed in a ring grinder
and sized into a coarse size range (-250/+90 micron) and a fine size range (-
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44micron). A particle mix of 60 % coarse size and 40% of fine size range was
utilised to make the slurry used to pre-irrigate the bed.

3.3.7. Temperature profile along the bed
Maintaining a consistent temperature at all points of the coke bed was
necessary to provide consistent liquid slag properties (viscosity, surface
tension, and density) during its descent through the packed bed, and also the
liquid/solid wettability and interfacial phenomena.

The length of the hot zone of the furnace was defined so as to maintain a
temperature variation of +/- 11°C (see Figure 3.20).

The basis of this temperature was a compromise on what was achievable with
the furnace setup being used to minimise the temperature effect on the flow
properties of slag within the bed.

Several runs were carried out using different crucible lengths and different bed
heights inside it to achieve this temperature tolerance within the capability of the
furnace used:


Adjusting the position of coke bed relative to the centre of the furnace hot
zone.



Varying the height of the coke bed



Varying the total length of the graphite crucible.



Using spacers of materials with different thermal conductivity to reduce
heat dissipation from the bed.
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Thermocouple
Graphite tube
Graphite lid
Alumina spacer

Temperature measured at the center of the bed ,ºC
1450

1460

1470

1480

1490

1500

1510

1520

4.5 cm

1440
32
33
34
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Graphite crucible

37
38

± 11°C zone
14 cm

39
40
41
42
43
44

7 cm

Vertical distance from top furnace flang, cm

36

45
46

Coke particles

47
48

49
50

51
52

Graphite support
Empty furnace

tube

Coke bed inside the furnace

53
54

55

Fig. 3.20 A Schematic illustration of the final temperature profile of the bed.

3.3.8 Packed bed image analysis post experiments
After carrying out the packed bed experiments, selected packed beds were
sectioned into 3-5 mm thick slices using a Gemmasta cutting machine with a
diamond blade. Care was taken to ensure that both the vertical and rotational
position of the slices in the original bed was maintained. The faces of each
section were then scanned using a flatbed scanner (Canon iR3025 UFR II) and
the images were stored as 300x300 dpi coloured JPEG files.

The images were then processed using the program GIMP 2.8 [151] to enhance
the contrast of the phases using a different layer for each of the phases and
items analysed. Four layers were extracted and separated for each image for:
coke particles, bed pores, pore necks, and slag. The layers were saved as
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greyscale JPEG images. Shade thresholding and image analysis were then
applied using the particle analysis tool of the image analysis program ImageJ
1.38 [149].

In determining the bed pore sizes and pore neck sizes, the definition of a pore
in a packed bed as presented by Dullien [13] and illustrated schematically in
Figure 3.21 was adopted. From this, a pore was defined as the spaces between
particles of coke when they are surrounded by other particles, and when lines
could be drawn at the local minima of the hydraulic radius between particles.

Fig. 3.21 Two-dimensional presentation of three-dimensional pores and pore
throats [13].
This was done manually for each section image by drawing lines whenever a
local minimum between the particles was identified. These lines represented the
pore necks and an analysis of the length of these lines was taken as a measure
of the pore neck size for the sections analysed. Phases such as coke particles
or slag holdup were manually enhanced for all the analysed sections before
separating them for further thresholding and image analysis. Figure 3.22
illustrates a typical example of an image of a slice of coke bed after an
experiment.
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Manually
defined
pore necks

Slag holdup
Coke
particle
Epo-dye
resin

Bed pores

1

3

Slag holdup
2

4

Fig. 3.22 An example of images of a cross section of a coke bed after an
experiment (slag C through coke analogue- CA6(4.4%) bed – The section is
1cm above the bottom of the bed.
1- The image before processing, 2- A layer of manually defined pore necks
(yellow lines), 3- A layer of the identified bed pores (in white) and coke particles
(in black), 4- A layer of the slag phase (in white).
An image analysis was carried out to provide knowledge about the structure of
the coke bed and to characterise their packing properties that affect the flow of
liquid slag, namely the pore size, pore neck size, and sphericity of the particles.
The pore size was estimated to be equivalent to the diameter of a circle having
the same area. On a two dimensional projection, the sphericity was estimated
as the ratio of the area of a circle to the area of the particle with the same
perimeter.

Typical examples of the distribution of equivalent pore diameter and pore neck
size for the sections of packed beds are given in Figures 3.23 and 3.24
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respectively. The minimum, maximum, and average values of these properties
are quoted in Chapter 4 (Results).

Fig. 3.23 A typical example of the distribution of pore equivalent diameter within
the bed - Bed: coke analogue-CA6 (4.4%) – Packing density: 55% .

Fig. 3.24 A typical example of the distribution of pore neck size within the bed Bed: coke analogue-CA6 (4.4%) – Packing density: 55% .
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3.3.9. Key outcomes
From the packed bed experiments the following information can be obtained:


The flow patterns of the molten slag through coke packed beds by
constructing the supply-drain curves of liquid slag (refer to Figure3.14),



Through the experimental variables, and for each run, the following could
be characterised.
o Liquid Static holdup (Hs), liquid dynamic holdup (Hd) and liquid
total holdup (Ht).
o The average residence time of the slag in the packed bed (ART).

 Characterisation of the interface between slag and carbonaceous
packing materials of the post experimental packed beds by means of
SEM and EDS analysis.


Characterisation of the packed beds after the experiment using an
image analysis of the sliced up bed to estimate:
o Packing density after the experiment,
o The distribution and average size of the coke particles,
o Comparison of the sphericity of the coke particles before and after
the experiment,
o The distribution and the average of packed bed pore size and
pore neck size, and
o The static slag holdup (an alternative method to that obtained from
the supply-drain curve).

3.4. Key raw materials
3.4.1. Carbonaceous raw materials
A variety of high purity graphite sources were used in this study. Details of the
different graphitic materials used and their major application(s) are presented in
Table 3.7.
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Table 3.7 Details of the graphitic raw materials used in the experimental
programme.
Graphite product

Supplier

Purity

Application

Graphite rods

Morgan Industries

99.95

Single channel
flow experiment

Graphite powder
< 150µm

Sigma-Aldrich

99.99+

Coke analogue
production

Graphite powder
< 45µm

Sigma-Aldrich

99.99+

Coke analogue
production

Bakelite powder
(granules)

LECO
metallurgical
supplies

N/A

Coke analogue
production

Liquid Novolac
resin

Sinagawa
Thermal Ceramics

N/A

Coke analogue
production

3.4.2. Industrial coke
The coke was provided by BlueScope Steel and contained between 0.4 – 0.45
mass% Sulphur and 11.6 – 11.8 mass% of inorganic material. The inorganic
material can be considered to be refractory in nature. A detailed composition of
the mineral matter as measured by XRF after ashing at 815°C, is given in Table
3.8 [63]. 96.5% of its mineral component was made up of cristobalite, quartz,
mullite, fluorapatite and an amorphous phase containing SiO2 and Al2O3 [63].

Table 3.8 Composition of the mineral matter in industrial coke (mass%) [63].
SiO2

Al2O3

Fe2O3

CaO

P2O5

54.8

32.3

4.9

2.9

1.42

MgO

K2O

TiO2

Na2O

Mn3O4

1.0

0.51

1.4

0.38

0.05
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3.4.3. Non-carbonaceous raw materials
A range of materials were used to prepare the mineral additions for the coke
analogue and slag making. Details of the different minerals used and the major
application(s) are presented in Table 3.9.

Table 3.9 Details of the raw minerals used in the experimental programme.
Mineral

Supplier

Purity,%

Application

Calcium
Carbonate
(powder)

Chem-Supply

99.5

Aluminium oxide
powder < 10µm

Sigma-Aldrich

99.7

Silicon Dioxide
powder < 40µm

Sigma-Aldrich

99.5

Slag Making

Magnesium Oxide

Chem-Supply

99.0

Slag Making

Slag Making /
Coke analogue
minerals.
Slag Making /
Coke analogue
minerals.

3.5. Materials preparation
3.5.1. Synthetic slag
1. Synthetic slag was prepared by mixing appropriate amounts of laboratory
grade reagents to produce slags with the composition listed in Table 3.1.
The powder mix of Slags A-D were melted in a platinum rhodium crucible in
a muffle furnace at 1500°C and then quenched. For slag E, due its high
viscosity, the reagent powder mix was pelletised and sintered at 1000°C for
4 hours, then crushed and pelletised into 1.42g pellets and sintered at
1000°C for another 4 hours. The slag compositions reported were confirmed
by XRF analysis.
The quenched slags A~D were glassy and mostly transparent before being
crushed for next preparation steps. Slag E morphology could not be
observed during preparation as it was melted in situ in the funnel and
wettability experiment.
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2. To prepare slag pellets for the single channel flow experiment, the prepared
Slags A-D were crushed and pressed into pellets of approximately 1.42g.
These pellets were then sintered in a muffle furnace at 800°C for 2 hours.
For slag E, the pellets obtained from step 1 were utilised directly.
3. To prepare pieces of slag for the dynamic wetting measurements using the
sessile drop technique, pieces of the slag pellets from step 2 were cut to a
weight of 0.1±0.01g to form the slag droplets.
4. To prepare particles of slag C to be fed using the screw feeder for the
packed bed experiment, the slags prepared from step 1 were crushed with a
ring grinder and then sized using a series of sieves to obtain a particle size
mix between 250 and 1000 microns.

3.5.2. Coke analogue
The coke analogue used in the three experimental streams was prepared using
laboratory grade crystalline and amorphous carbon forms mixed with the
required weight percentage of mineral matter using a carbonaceous binding
material, and then pressed and fired. Full details of the preparation procedure
for the coke analogue can be found in Appendix-II. The coke analogue was
produced in cylinders of about 18 mm in diameter by approximately 45 mm
long. For the packed bed experiment, the coke analogue was crushed using a
jaw-crusher (Shambhavi Impex) and sieved to obtain a particle size of 8 to 10
mm.

The mineralogy of the analogue used was characterised by a series of SEM
imaging, EDS mapping, and spot analysis. A typical example showing the oxide
dispersion and composition of the CA6(4.4%) coke analogue is given (Figure
3.25 and Table 3.10). This analogue was used the most in the experimental
programme. From this Figure and Table it can be seen that the mineral particles
were dispersed evenly and were consistent with the size of the doped minerals
(≤38µm) and the type of mineral used. These analogues can be made with high
reproducibility and the results confirm the production technique.
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Resin

CA6 particles

1

+

pore

+2

Fig. 3.25 SEM backscattered image and EDS maps of the bulk of Coke
analogue-CA6. The marks “+1, +2” indicate positions of spot analysis of the
minerals in the coke analogue.
Table 3.10 SEM-EDS spot analysis of the minerals in the bulk of the coke
analogue as identified in Figure 3.25 (in mass %).
Expected from Stoichiometry
1
2
EDS position
Oxide %
Oxide % Oxide %
91.6
Al2O3
91.8
91.7
8.4
CaO
8.2
8.3

3.5.3. Graphite rods
18 mm diameter rods of high purity graphite (99.95%) were used to cut the
funnels and substrates for the single channel flow experiment and dynamic
wetting measurements respectively, using the same procedures used for the
coke analogue.

3.5.4. Industrial coke
The industrial coke was provided by BlueScope Steel in 60 – 100 mm size
particles. They were used to make funnels, substrates, and packing particles for
the single channel flow experiment, dynamic wetting measurements, and
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packed bed experiments respectively. For the packed bed experiments, the
coke was crushed using a jaw-crusher (Shambhavi Impex) and sized through a
series of sieves to obtain a particle size between 8 and 10 mm.

3.5.5. Electro – optical sample preparation
Samples for electro-optical analysis were cold mounted in epoxy resin under
vacuum in an appropriately sized mould. Once cured, the moulds were
prepared for examination by grinding and polishing on a Struers Rotopol
automatic grinding/polishing machine. The polishing procedure is detailed in
Table 3.11. The polished samples were carbon coated prior to SEM analysis.
Table 3.11 Details of the automated polishing regime for slag-carbonaceous
material samples.
Step

Media

Force, N

Grinding

SiC paper P500

30

Grinding

SiC paper P1200

20

9 micron polishing

Largo Pad

20

3 micron polishing

DAC Pad

20

1 micron polishing

DUR Pad

20

3.6. Analysis technique
3.6.1 Porosity and bulk density
The bulk density of the particles and porosity of the coke analogue and coke,
and the solid density of the slag before and after the packed bed experiment,
were carried out using the difference in weight of dry, water-impregnated and
submerged in water water-impregnated particle in accordance with Australian
Standard AS 1774.5-2001 [150].

3.6.2. Electro-optical analysis
An SEM-EDS analysis for all samples of the three experiments was carried out
using the Jeol JSM 6300 system and its linked Energy Dispersive X-ray
analyser.
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4. Results
In this chapter the results of the experimental work of the three experimental
streams are presented as follows:
4.1 Single channel flow experiments to establish the minimum channel diameter
needed to allow slag to flow.
4.2 Dynamic wetting measurements using the sessile drop.
4.3 Packed bed experiments.

Selected SEM and EDS analyses were carried out on samples generated in the
experimental program. A particular focus was given to the slag-coke or coke
analogue interface, but where relevant, the slag bulk and coke/coke analogue
bulk were also addressed.

4.1. Flow of slag through a single coke channel
The focus of this experimental series was to establish the critical channel
diameter for key variables (slag type and funnel material) below which no slag
can flow. This channel approximates to the pore neck of the pores that form
between particles of coke in a packed bed.

4.1.1. Minimum channel diameter to allow slag flow
The minimum channel diameters that allowed flow for different combinations of
slag-coke are given in Table 4.1. No obvious effects of either the compositions
of the slag or ash in different carbonaceous materials were found. The slag did
not flow out of channels with diameters smaller than the values quoted in Table
4.1, but it penetrated the channel to different depths. Table 4.2 gives the postexperiment measured penetration depth of slag C through 4.0 mm diameter
channels of graphite, coke and coke analogue. Figure 4.1 shows selected
examples of sections through coke analogue channels of 4.0 mm diameter
where slag C had different penetration depths.
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Table 4.1 Minimum channel diameters that allowed slag to flow for different
combinations of slag and funnel materials after 30 minutes at 1500°C.

CA2 (4.4%)

CA6 (4.4%)

CA6 (12%)

MM (4.4%)

MM (12%)

Graphite

CA1 (4.4%)

A

-

-

-

5.0

-

-

-

-

B

4.4

4.4

-

4.4

-

-

-

-

-

C

5.0

4.4

4.4

4.4+

4.4

4.4

5.0*

4.4

4.4

D

-

-

-

4.4

-

-

-

-

-

E

-

-

-

4.4

-

-

-

-

-

Slag

(0.0%)
-

Feed coke

Funnel material
Coke analogue
ash type and (mass %)

(+) Experimental runs were repeated 3 times.
(*) Experimental runs were repeated 2 times.

Table 4.2 Post experimental penetration depth of slag C into a 4.0 mm channel
of various funnel materials after 30 minutes at 1500°C.
Funnel material

Penetration depth, mm

Graphite

0.4

Coke analogue – no mineral

3.0

Coke analogue –CA1(4.4%)

4.0

Coke analogue –CA2(4.4%)

6.3

Coke analogue –CA6(4.4%)

6.3

Coke analogue –CA6(12%)

7.0

Coke analogue –MM(4.4%)

5.3

Coke analogue –MM(12%)

5.5

Industrial Coke

0.5
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(a)

(b)

(c)

Fig. 4.1 Selected photographs of sections through coke channels of 4.0mm
diameter showing slag C penetration after 30 minutes at 1500°C through (a)
Industrial coke, (b) Coke analogue -CA6(4.4%), (c) Coke analogue -CA6(12%).

4.1.2. Effect of time on slag flow through the channel
The minimum coke channel diameters presented in Table 4.1 are for runs that
were carried out for a fixed dwell time of 30 minutes at 1500°C. In order to test
the effect of time on the minimum channel diameter, the experiment using SlagC with the coke analogue funnel of 12 mass % of MM and a 4.0 mm diameter
channel was repeated and held at 1500°C for 90 minutes. This was carried out
in a horizontal furnace where the top of the funnel and any flow out of the
channel could be directly observed and recorded by video. Selected images
taken from this experiment are shown in Figure 4.2. At 30 minutes, no outflow
was observed, which is consistent with the data in Table 4.1. At approximately
62 minutes, a bulb of the liquid slag started to form at the bottom of the channel.
At 63 minutes there was a sudden flow of slag, and it took less than a second
for the slag to pass through the channel.
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min:sec 00:00

30:00

62:45

63:10

Fig. 4.2 Selected images showing slag flowing through a coke analogue funnel.
Temperature 1500°C, slag C, coke analogue-MM(12%) and channel diameter
4.0 mm, total dwell time 90 minutes.

4.1.3. Assessment of slag-funnel interaction
To investigate the effects of slag-funnel reactivity on the flow of slag through
carbonaceous material channels, attempts were made to assess any chemical
reactions that might take place at the interface by carrying out an SEM
inspection of the slag coke interface. The SEM inspection, involving electrooptical analysis, X-Ray mapping, and EDS analysis was performed over the
interface of the slag and the funnel, as well as over large areas of the bulk of
the slag away from the interface for all post experimental samples.
Slag had penetrated into the surface pores of the funnel materials (see Figure
4.3 for a typical example of SEM-EDS analysis of slag C in a funnel of coke
analogue-CA6 (4.4%) at the slag/coke interface). A full set of images and
results of the EDS analysis are included in Appendix III.
The typical SEM/EDS conditions used for interface and bulk analysis were as
follows. Acceleration voltage: 20.0 kV, working Distance: 10 mm, sport size: 60
µm, Probe current: 0.88732 nA, PHA mode: T3, Real time: 45.99 sec, Live time:
32.63 sec, Dead Time: 28 %, Counting Rate: 6344 cps, Energy range: 0 - 20
keV.
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Slag C

1
+
Coke analogue
CA6-(4.4%)

2

A schematic of the slag
in the funnel. The square
indicates analysis
position
Fig. 4.3 A typical example of SEM backscattered image and EDS maps for the
interface of slag-coke/coke analogue – Slag C (CaO:40.7%, SiO2:37.4%,
Al2O3:12.5%, MgO:8.8%), and coke analogue-CA6 (4.4%). The mark “+1” and
the “rectangle 2” indicate positions of spot and area analysis of the slag near
the interface. (Temperature: 1500°C, Time: 30 minutes).
There would appear to be Si enriched areas of the slag at or near the coke-slag
interface, as evidenced by the results of the SEM-EDS obtained for all the
combinations of slag and carbonaceous materials (coke, coke analogue, and
graphite). Refer to Appendix III, Figures III.2, III.4, III.6, III.8, III.10, III.12, III.14,
III16, III.18, III.20, III.22 and III.24 for SEM and EDS analysis at the interface for
the other samples. Given the small size of these silicon enriched areas
(20~50µm), it was not possible to identify the reaction product using XRD.

115

In order to assess what possible phases may be precipitating from the slag as it
cooled, and to investigate the Si-enriched areas at the interface in comparison
with these phases, an extensive SEM-EDS analysis of the slag at the slag/coke
interface and areas away from the interface, representative of the slag bulk,
were carried out. See Figure 4.4 for a typical example of SEM-EDS analysis of
slag C in a funnel of coke analogue-CA6 (4.4%) in the slag bulk. Refer to
Appendix III, Figures III.3, III.5, III.7, III.9, III.11, III.13, III.15, III17, III.19, III.21,
III.23 and III.25 for a full set of SEM and EDS analysis away from the interface
for the other samples.

3
4 +

+

5

A schematic of the slag
in the funnel. The square
indicates analysis
position
Fig. 4.4 SEM backscattered image and EDS maps for the bulk of slag C, funnel
material: coke analogue-CA6(4.4%). The marks “+3, +4” and the rectangle “5”
indicate positions of spot and area analysis of the slag in the bulk.
(Temperature: 1500°C, Time: 30 minutes).
A spot analysis was carried out at the silicon-enriched areas at the interface
marked by “+1” on Figure 4.3 and at the different compositions identified in the
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slag bulk marked by “+3” and “+4” on Figure 4.4 for the slags used. An area
analysis was carried out near the interface marked by rectangle “2” on Figure
4.3, and at the slag bulk marked by rectangle “5” on Figure 4.4 for the slags
used. In all cases the overall analysis of the slag bulk matched the nominal
compositions of slag designed previously. Table 4.3 gives a summary of the
analytical results. Full details of the spot and area analysis of all the samples
inspected are given in Appendix III (Table III.1).
Table 4.3. An example of an SEM-EDS spot and area analysis of the four slag
oxides at the interface, and in the slag bulk. Slag C(CaO:40.7%, SiO2:37.4%,
Al2O3:12.5%, MgO:8.8%) in a funnel of coke analogue-CA6 (4.4%), as identified
on Figures 4.3 and 4.4 (in mass %).
Oxide mass %
Slag
Analysis position
MgO Al2O3 SiO2 CaO
Spot 1, Figure 4.3
(Si-enriched area)
Slag/Coke
Interface

2.1

3.2

87.8

6.9

9.0

15.2

35.9

39.9

0.0

6.5

49.5

44

Spot 4, Figure 4.4
(dark grey phase)

8.1

14.6

37.6

39.7

Area 5, Figure 4.4

8.8

14.4

34.9

41.9

Spot 1, Figure 3.25

0.0

91.8

0.0

8.2

Area 2, Figure 4.3
(Slag adjacent to the
interface)
Spot 3, Figure 4.4
(light grey phase)

C

Slag bulk

Unreacted Coke
analogue

A summary of the findings is given in Table 4.4. Slag A had decrepitated during
cooling and was not analysed, and there was no phase partitioning observable
for slag E. With the other slags, they were analysed at the interface with the
coke and away from the interface (slag bulk), and where slag partitioning was
detected, the slag showed at least two distinguishable phases (characterised by

117

different shades representing different atomic number effects on a back
scattered image) which was verified by EDS mapping.
Table 4.4 Main features of slag analysis at the interface and at the bulk of the
single channel flow experiment.
Slag type

Coke – slag interface

Slag bulk away from the
interface

Slag A

Could not be analysed (slag
decrepitated)

Could not be analysed (slag
decrepitated)

Slag B

Evidence of Si enrichment
detected + slag partitioning
near the interface

Slag partitioning detected

Slag C

Slag D
Slag E

Evidence of Si enrichment
detected + slag partitioning
near the interface
Evidence of Si enrichment
detected + slag partitioning
near the interface
Evidence of Si enrichment
detected

Slag partitioning detected

Slag partitioning detected
No slag partitioning observed in
the micrograph

4.1.4. Comparison of coke analogue with industrial coke
Among the coke analogues used, coke analogue-MM (12%) was designed to
replicate the mineral type and content of the industrial coke.

In order to

compare this coke analogue to the industrial coke, an SEM-EDS analysis was
carried out for the reacted funnels of both cokes. This analysis was carried out
at the coke-slag interface, and deep into the coke bulk (see Figures 4.5 and
4.6). A spot analysis on the Si enrichment at the coke-slag interface and on the
mineral areas of the coke as identified on the images in both cases was carried
out. The results of the EDS analysis are given in Tables 4.5 and 4.6. The
enrichment of Si in the areas of slag at the interface was comparable in both
cases but lower in the industrial coke. Also, there was a similarity in the
dispersion of the mineral phases. However, there was what appeared to be
difference in the mineral composition between the coke analogue and industrial
coke.
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Slag C

Coke analogue

Fig. 4.5 A composite of SEM backscattered electron images and EDS maps for
the interface and deep coke surface of slag C through coke analogue-MM
(12%) funnel. (Temperature: 1500°C, Time: 30 minutes).
Table 4.5. SEM-EDS spot analysis of mineral areas at the interface and in the
depth of coke analogue-MM(12%) as identified in Figure 4.5 (in mass %).
EDS
1
2
3
4
5
6
position
Mass %

Interfacial
slag

MgO
Al2O3
SiO2
CaO

2.2
7.7
79.1
11.0

Coke minerals (ash)
0.0
56.8
28.5
14.7

0.0
85.7
0.6
13.7

0.0
73.5
7.6
18.9

0.0
77.7
0.9
21.4

0.0
64.7
18.4
16.9
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Fig. 4.6 A composite of SEM backscattered electron images and EDS maps for
the interface and deep coke surface of slag C through Industrial coke funnel.
(Temperature: 1500°C, Time: 30 minutes).
Table 4.6. SEM-EDS spot analysis of mineral areas in the interface and in the
depth of industrial coke as identified in Figure 4.6 (in mass %).
EDS
1
2
3
4
5
6
position
Interfacial
Mass %
Coke minerals (ash)
slag
MgO
0.0
2.8
0.0
7.3
0.0
7.3
Al2O3
3.2
34.9
0.5
32.6
37.5
32.6
SiO2
91.3
38.0
61.6
36.2
47.7
36.2
CaO
5.4
24.3
37.9
23.9
14.8
23.9
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4.1.5. Summary of slag flow through a single coke channel results


The minimum channel diameter of industrial coke, coke analogues and
graphite that slag was able to flow through in 30 minutes at 1500°C was
either 4.4 or 5.0 mm. Although a wide range of combinations of slag
compositions (V ratio varied from 0.2 to 1.5) and funnel carbonaceous
material (industrial coke, coke analogue and graphite) were tested, there
was a limited variation in the minimum coke channel diameter that slag
could to flow through.



The slag could flow through smaller diameter channels when a longer
experimental time was tested. Video recordings showed that the slag exits
the channel in an abrupt flow pattern when it reaches the lower end of the
channel.



SEM imaging and EDS analysis of the slag and coke interface showed
areas of high concentrations of Si along the interface.



An analysis of the slag bulk (away from the interface) showed phase
partitioning for most of the slags utilised. The morphology of slags has changed
form mostly glassy before experiment for Slags A~D (see Section 3.5.1) to
separation of phases after experiment. There is a possible effect of cooling rate on
this phase separation behaviour of slag. But as the cooling rate for all experiments
was unified at 5 °C per minute the effect of the variation of cooling rate could be
minimised or eliminated.



An analysis of the coke analogue types utilised confirmed their consistency
to their designed mineralogy in terms of mineral size range, dispersion, and
composition (refer to Section 3.5.2).



A comparison between industrial coke and coke analogue-MM(12%)
showed that the dispersion of minerals was comparable in both cases, but
there were variations in the composition of the minerals in the industrial coke
due to its heterogeneity. This comparison also showed Si enrichment of the
areas of slag near the interface in both cases that might be evidence of a
reaction at the interface.
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4.2. Dynamic wetting assessment results
The focus of the experiment on dynamic wetting measurement related
specifically to assessing/quantifying the wettability of different combinations of
slag-coke under the experimental conditions used in the single channel flow and
packed bed experiments.

4.2.1. Contact angle measurements
The contact angle (θ) between the molten slags and industrial coke, and coke
analogues and graphite, varied with the combination of slag-coke and with time.
In some cases the system showed a dynamic wetting behaviour that changed
from non-wetting (θ > 90°) to wetting systems (θ < 90°) over the experimental
time. Typical sessile drop images used in calculating the wetting angle,
captured at different times during an experiment are given in Figure 4.7, for a
dynamic wetting system of slag C on coke analogue-CA2 (4.4%) (a-c), and a
non- wetting system of slag C on graphite (d-f).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4.7 Captured images at 1500 °C of 0.1g mass of slag C melt on
coke analogue-CA2 after: (a) 0 min, (b) 30 min, (c) 60 min
And on graphite after: (d) 0 min, (e) 30 min, (f) 60 min.
The contact angles measured for the liquid slag on different carbonaceous
substrates at 1500°C are given in Figures 4.8 and 4.9. The contact angles
below 10° were not reported due to the high uncertainty associated with
measuring the height of the droplets under this condition.
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Fig. 4.8 Measured contact angles plotted with time for slag C melt at 1500°C on
nine different carbonaceous substrates.

Fig. 4.9 Measured contact angles plotted with time for slag melts (A-E) at
1500°C on coke analogue -CA6 (4.4 mass %) substrates.
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Figure 4.8 illustrates the measured contact angles of slag C on the nine
different carbonaceous substrates used. Only in the case of the graphite
substrate did the contact angle remain unchanged during the experiment. The
substrates of industrial coke and coke analogues showed a decreasing value of
θ with time. θ angle measurements of coke analogue substrates showed a
greater change rate of wetting behaviour than industrial coke.

Figure 4.9 illustrates the variations of wettability of slags (A- E) on substrates of
the coke analogue-CA6 (4.4%). While slags A and B displayed stable nonwetting behaviour with the contact angle hardly changing with time, slag E
showed a trend of increasing wettability over time, with the contact angle
changing from 125° at the start down to 87° at the end of the experiment. It
remained non-wetting over most of the experimental period. Slags C and D,
however, showed a wetting behaviour with a trend of decreasing contact angle
over time.

The experimental repeatability has been assessed by repeating the run of the
slag C melt on coke analogue-CA6 (4.4 %), representing the base condition in
terms of materials variation, three times. The results are presented in Figure
4.10.
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Fig. 4.10 Repeated measurements of contact angles plotted with time for slag C
melts at 1500°C on coke analogue-CA6 (4.4 mass %) substrates.

4.2.2. Contact angle measurements before time zero
Given the rapid change in the contact angle at the beginning of the measuring
period for many combinations of slag-coke analogues,

it was decided to

investigate the behaviour of the wetting angle before the determined starting
time of measurement (time zero as described in Section 3.2.3.2). For this, two
experimental runs were repeated and the contact angle was measured from the
moment a droplet of slag formed. These data are given in Figures 4.11 and
4.12. For comparison, the previous measurements for slag C on substrates of
coke analogue-no minerals and coke analogue-CA6 (4.4%) are also given. The
estimated temperature of the slag was superimposed onto the plots. Slag
temperature was estimated based on electric resistance furnace calibration and
thermal response (presented in Appendix-I) and assuming the slag
temperature to be same as calibration. It can be seen that the contact angle θ
could be expected to be higher than the initial time zero values quoted in
Figures 4.8 and 4.9. Given the limitations of the sessile drop equipment it was
not possible to bring the slag and coke, or coke analogue together at
temperature. As such the θ values quoted for time zero have a high uncertainty.
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Fig. 4.11 Extended measurements of contact angles plotted with time for slag C
on coke analogue-no minerals substrate.

Fig. 4.12 Extended measurements of contact angles plotted with time for slag C
on coke analogue- CA6 (4.4%) substrate.
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4.2.3. Slag-coke interface analysis
The interface between slag and coke for selected wetting experiments was
examined by SEM and mapped using EDS for the four elements contained in
the slag, Ca, Si, Al, and Mg.

Figures 4.13 and 4.14 show micrographs of slag C on the Graphite and slag B
on the coke analogue-CA6(4.4%) systems respectively, that demonstrated nonwetting behaviour throughout the experimental period. There was no evidence
of the slag penetrating into the substrate. These slags separated from the
substrate when being prepared for optical analysis (evidenced by the gaps/resin
between the slag-substrate interface).

A detailed analysis of the slag-coke interface showed that in the non-wetting
systems (Figure 4.15, slag B on coke analogue-CA6 (4.4%) substrate), there
was no evidence of the slag entering the surface pores of the coke. However,
traces of slag elements at the entrances of the pores indicated the slag made
contact with the surface of the coke, but not inside the pores, before separating
later from the surface of the coke.

In slag-coke systems that showed dynamic wetting behaviour over the
experimental period, the slag had fully penetrated the open surface pores of the
coke substrate, as illustrated in Figures 4.16 and 4.17. These figures show
micrographs of slag C on coke analogue-No minerals and slag C on coke
analogue CA6(4.4%) respectively.

A detailed analysis of the dynamic wetting system (an example is given in
Figure-4.18 and Table 4.7) of slag C on the coke analogue-CA6(4.4%), shows
that the slag fully penetrated the surface pores and there were Si enriched
areas at the slag-coke analogue interface in a manner similar to that seen in the
single channel flow experiment (Section 4.1.3).
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Slag C

Resin
Original interface

Graphite substrate

Fig. 4.13 SEM backscattered image of the interface of slag C on graphite
substrate (Temperature: 1500°C, Time: 90 minutes).

Slag B

Original interface

Mounting resin

Coke analogue-CA6
(4.4%) substrate

Fig. 4.14 SEM backscattered image of the interface of slag B on coke analogueCA6(4.4 %) substrate (Temperature: 1500°C, Time: 90 minutes).
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Coke analogue
pores

Slag
C
Mounting resin

Coke analogue

Fig. 4.15 SEM backscattered image and EDS mapping of the interface of slag B
on coke analogue-CA6(4.4 %) (Temperature: 1500°C, Time: 90 minutes).
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Slag C

Original interface

Substrate

Fig. 4.16 An SEM backscattered image of the interface of slag C on coke
analogue-no minerals substrate (Temperature: 1500°C, Time: 90 minutes).

Slag C
Substrate

Original interface

Fig. 4.17 An SEM backscattered image of the interface of slag C on coke
analogue-CA6(4.4%) substrate (Temperature: 1500°C, Time: 90 minutes).
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Slag
C

1
+
Coke analogue

2

Fig. 4.18 SEM backscattered image and EDS mapping of the interface of slag C
on coke analogue-CA6(4.4 %) substrate (Temperature: 1500°C, Time: 90
minutes).

Table 4.7 SEM-EDS spot analysis of the slag and the Si-enriched areas in the
interface of slag C coke analogue-CA6(4.4%) substrate as identified in Figure
4.18 (in mass %).
EDS
position
Mass %
MgO
Al2O3
SiO2
CaO

Spot 1

Area 2

0.0
4.7
82.5
12.8

9.3
11.3
38.4
41.0
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4.2.4. Summary of the dynamic wetting assessment results


The tested combinations of Slags A - E on industrial coke, coke analogues
and graphite showed different wetting behaviour. Only three cases (slag C
on graphite substrate and Slags B and E on coke analogue-CA6 (4.4%))
showed an apparently stable non-wetting system. In every other case the
systems showed a dynamic wetting behaviour where the contact angle
decreased with time.



The contact angle in the slag-coke/coke analogue systems at 1500°C varied
from 140° to below 10° over 90 minutes of experimental time.



The contact angle between slag C and the coke analogue varied with
changes in the coke analogue ash. Increasing the mass of ash from 0 to
12% decreased the wetting angle of the analogue. With 4.4% ash content,
no obvious effect of the variation of ash type could be observed for all the
types of ash tested. With a 12% ash content, the coke analogue with CA6
showed contact angels that were lower than the coke analogue with MM.



In cases where the slag-coke system was non-wetting, an inspection of the
“cold” slag-coke interface after the experiment showed no evidence that the
slag penetrated of the surface open pores of the coke substrate.



Given that the slags were in contact with the coke and coke analogue during
heating to the experimental temperature, the initial wetting angles of slags
and coke/coke analogue are likely to be higher that the values quoted.



In the wetting systems, areas of Si enrichment were found along the slagcoke/coke analogue interface similar to that found in the post reacted
interface of the single channel experiment.

4.3. Packed bed experiment results
4.3.1. Slag supply-drain curves
To aid the comparison of the supply-drain curves, they are reported in both raw
and normalised forms. Figure 4.19 shows a normalised supply-drain curve with
all the experimental values defined on it. Figures 4.20 to 4.34 show the supplydrain curves as measured in the experimental programme.
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The supply curve is a straight line whose slope is the feeding rate. In general,
the drain curve starts after a period of time to allow the slag to melt and travel
through the bed; after which it then continues in big steps of alternating flow and
no flow intervals. These steps become smaller as the drain progresses, and
then turn into a smoother curve near the end of the drain. The drain curve
continues for a period of time after the supply stops, until all the dynamic holdup
has drained out, leaving the some liquid slag within the bed particles (static
holdup). From these curves, the total liquid holdup (Ht), dynamic liquid holdup
(Hd), static liquid holdup (Hs), start of drain time (ts), end of drain time (te) and
average liquid residence time (ART) were determined.

Fig. 4.19 An example of supply-drain curve plotted on normalized axis. Slag: C
– Bed: coke analogue-CA6 (4.4%) – Packing density: 50% - Temperature:
1500°C.
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(a)

(b)
Fig. 4.20 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry,
Remarks: Base case conditions.

134

(a)

(b)
Fig. 4.21 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry,
Remarks: Base case conditions (repeat of
experiment shown in Fig. 4.20).
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(a)

(b)
Fig. 4.22 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry,
Remarks: Base case conditions (repeat of
experiment shown in Fig. 4.20).
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(a)

(b)
Fig. 4.23 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 50%,
Temperature: 1500°C,
Bed irrigation: Dry.
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(a)

(b)
Fig. 4.24 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 60%,
Temperature: 1500°C,
Bed irrigation: Dry.
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(a)

(b)
Fig. 4.25 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 65%,
Temperature: 1500°C,
Bed irrigation: Dry.

139

(a)

(b)
Fig. 4.26 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 68%,
Temperature: 1500°C,
Bed irrigation: Dry.
Remarks: the drain stopped after only 130 g (40% of
the supplied slag) had passed through the bed. Approximately 165 g of slag
remained on the top of the bed. Hs was estimated after subtracting this 165 g.
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(a)

(b)
Fig. 4.27 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (12%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry.
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(a)

(b)
Fig. 4.28 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-MM (12%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry.
142

(a)

(b)
Fig. 4.29 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: Industrial coke,
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: Dry.
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(a)

(b)
Fig. 4.30 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1550°C,
Bed irrigation: Dry.
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(a)

(b)
Fig. 4.31 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1600°C,
Bed irrigation: Dry.
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4.3.2. Packed bed experiment under pre-irrigated conditions
To assess the effect of irrigation on the flow of slag through a packed bed, the
following experiments were carried out


a pre-irrigated bed held at temperature with no additional slag added to
the bed (Figure 4.32)



a pre-irrigated bed with slag added (Figures 4.33 and 4.34). In these runs
the pre-irrigated slag drained from the bed before the supply of slag
began, leaving an initial pre-irrigation holdup. After adding the slag an
additional holdup of slag was generated in the bed. This holdup was
marked on the normalised supply-drain curves (Figures 4.33b and 4.34
b) as “additional static holdup”. Hence, the final static holdup was the
sum of the initial holdup from the pre-irrigation slag and the additional
holdup generated after the slag was added.

The latter was repeated to assess its repeatability. The negative time in Figures
4.33b and 4.34b) represents the time before the slage was added.
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Fig. 4.32 Drain curve of the pre-irrigated bed with no slag addition
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: bed is pre-irrigated with slag C particles to 70% saturation,
Remarks: no further slag addition.

Figure 4.32 shows that 113 g of slag drained before the normal start time of
slag addition in the other two experiments of pre-irrigated beds with slag
addition. This is consistent with the results of the other two pre-irrigated
experiments shown in Figures 4.33 and 4.34.
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(a)

(b)
Fig. 4.33 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Bed material: coke analogue-CA6 (4.4%),
Packing density: 55%,
Temperature: 1500°C,
Bed irrigation: bed is pre-irrigated with slag C particles to 69% saturation,
Remarks: the negative time indicate time prior to slag addition.

148

(a)

(b)
Fig. 4.34 (a) Raw supply-drain curve of packed bed experiment.
(b) Normalized supply-drain curve of packed bed experiment.
Slag Type: slag C,
Packing density: 55%,

Bed material: coke analogue-CA6 (4.4%),
Temperature: 1500°C,

Bed irrigation: bed is pre-irrigated with slag C particles to 70% saturation,
Remarks: the negative time indicate time prior to slag addition.
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4.3.3. Effect of bed packing density on liquid holdup and ART
The liquid holdup and liquid residence time determined for the bed packing
densities that were tested while fixing all the other experimental conditions, are
given in Figure 4.35 and in Figure 4.36 respectively. At a high packing density
of 68% the bed became blocked after only 130 g (40% of the supply) had
passed through the bed. In this case, approximately 165 g of slag remained on
top of the packed bed. The results of this run were excluded from the
comparative analysis.

Fig. 4.35 Effect of packing density on static holdup (Hs), dynamic holdup (Hd)
and total holdup (Ht). Slag: C – Bed: coke analogue-CA6 (4.4%) –
Temperature:1500°C.
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Fig. 4.36 Effect of packing density on average residence time (ART). Slag: C –
Bed: coke analogue-CA6 (4.4%) – Temperature:1500°C.

4.3.4. Effect of temperature on liquid holdup and ART
The liquid holdup and liquid residence time that was determined for three
experimental temperatures while fixing all the other experimental conditions, are
given in Figure 4.37 and Figure 4.38 respectively.

Fig. 4.37 Effect of temperature on static holdup (Hs), dynamic holdup (Hd) and
total holdup (Ht). Slag: C – Bed: coke analogue-CA6 (4.4%) – Packing density:
55%.
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Fig. 4.38 Effect of temperature on the average residence time (ART). Slag: C –
Bed: coke analogue-CA6 (4.4%) – Packing density: 55%.

4.3.5. Effect of coke analogue mineral type and mass fraction on
liquid holdup and ART
The liquid holdup and liquid residence time that was determined for four bed
packing coke analogues, while keeping all the other experimental conditions
constant, are given in Figure 4.39 and Figure 4.40 respectively. The data for the
packing material of coke analogue-CA6(4.4%) are the average of three repeats
with a standard deviation of 0.9% and 1.1% for Hs and Hd , respectively, and 3.4
min for ART. Of the coke analogues shown, coke analogue -MM(12%) was
designed to mimic the industrial coke given in Figures 4.39 and 4.40. From
these figures, it can be seen that:


When the content of CA6 was increased from 4.4% to 12% there was a
decrease in Hd and ART.



When the mineral was changed from CA6(12%) to MM(12%), there was
an increase in Hd and ART.



There was no significant difference in liquid holdup and ART between
coke analogue- MM(12%) and industrial coke. This agreement indicates
that the analogue is a good representation of the industrial coke,
although the shape of the drain curve was more regular in the industrial
coke than the MM(12%).
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Generally the effect of the change in bed material on Hs was less than on
Hd.

Fig. 4.39 Effect of coke analogue mineral type and mass fraction on static
holdup (Hs), dynamic holdup (Hd) and total holdup (Ht). Slag: C – Packing
density: 55% - Temperature: 1500°C. Also shown here is industrial feed coke
for comparison with coke analogue-MM (12%).

Fig. 4.40 Effect of coke analogue mineral type and mass fraction on average
residence time (ART) for different bed packing materials. Slag: C – Packing
density: 55% - Temperature: 1500°C. Also shown here is industrial feed coke
for comparison with coke analogue-MM (12%).
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4.3.6. Effect of bed pre-irrigation on liquid holdup and ART
The liquid hold up and liquid residence time that were determined for the case
of dry bed versus the bed that was pre-saturated with slag, are given in Figure
4.41 and Figure 4.42 for the holdup and average residence time respectively.
The data for the dry bed are the average of three repeats with standard
deviations of 0.9% and 1.1% for Hs and Hd , respectively and 3.4 min for ART.
The data for the pre-saturated bed are an average of two repeats with standard
deviations of 0.8% and 0.9% for Hs and Hd , respectively, and 1.8 min for ART.

Fig. 4.41 Effect of bed pre-irrigation on static holdup (Hs), dynamic holdup (Hd)
and total holdup (Ht). Slag:C- Bed: coke analogue-CA6 (4.4%) – Packing
density: 55% - Temperature: 1500°C.
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Fig. 4.42 Effect of bed pre- irrigation on average residence time (ART). Slag:CBed: coke analogue-CA6 (4.4%) – Packing density: 55% - Temperature:
1500°C.

4.3.7. Slag-coke interface analysis
Interfaces between slag and coke for selected packed bed experiments that
covered every variation of slag-coke combinations were examined by SEM and
mapped using EDS for the four elements contained in the slags Ca, Si, Al, and
Mg (see Figures 4.43 - 4.46). Micrographs and maps were produced for the
interface of slags/packing particles: slag C / coke analogue -CA6 (4.4%),slag C
/coke analogue-MM (12%), slag C / coke analogue -CA6 (12%) and slag C /
Industrial coke. The SEM-EDS area analysis of the slag and the spot analysis of
the Si-enriched areas at the interface of slag-packed bed particles for each
case, are listed in Tables 4.8 – 4.11 following each corresponding figure.

Observations indicated that the slag had fully penetrated the open surface
pores of the coke particles. In the slag-coke systems examined, areas of slag
adjacent to the interface between the slag and coke showed what appears to be
Si enriched phase when it was compared to the slag bulk. These results are
similar to the slag-coke interactions found in both the flow of slag through the
single coke channel experiments and the dynamic wetting measurements
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where evidence of Si enrichment at the slag-coke and slag-coke analogue
interfaces was also observed.
Slag
C

2
1

+

Coke analogue

Fig. 4.43 SEM backscattered image and EDS mapping of the interface of slag C
and coke analogue-CA6(4.4 %) bed particles. Temperature:1500°C.
.
Table 4.8. SEM-EDS area and spot analysis of the slag and the Si-enriched
areas in the interface of slag C and coke analogue-CA6(4.4%) bed particles as
identified in Figure 4.43 (in mass %).
EDS
position
Spot 1
Area 2
Mass %
MgO
0.0
5.5
Al2O3
8.2
14.6
SiO2
72.0
41.4
CaO
19.9
38.5
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Slag
C

+

2

1

Coke analogue

Fig. 4.44 SEM backscattered image and EDS mapping of the interface of slag C
and coke analogue-MM(12 %) bed particles. Temperature:1500°C.
Table 4.9. SEM-EDS area and spot analysis of the slag and the Si-enriched
areas in the interface of slag C and coke analogue-MM(12%) bed particles as
identified in Figure 4.44 (in mass %).
EDS
position
Spot 1
Area 2
Mass %
MgO
0.0
8.2
Al2O3
2.9
14.4
SiO2
94.4
38.7
CaO
2.7
38.7
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1
2

+

Coke analogue

Slag
C

Fig. 4.45 SEM backscattered image and EDS mapping of the interface of slag C
and coke analogue-CA6(12 %) bed particles. Temperature:1500°C.
Table 4.10. SEM-EDS area and spot analysis of the slag and the Si-enriched
areas in the interface of slag C and coke analogue-CA6(12%) bed particles as
identified in Figure 4.45 (in mass %).
EDS
position
Spot 1
Area 2
Mass %
MgO
0.0
8.0
Al2O3
5.4
14.6
SiO2
86.8
39.1
CaO
7.9
38.3
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Slag
C

1+
Industrial Coke

2

Fig. 4.46 SEM backscattered image and EDS mapping of the interface of slag C
and Industrial coke bed particles. Temperature:1500°C.
Table 4.11. SEM-EDS area and spot analysis of the slag and the Si-enriched
areas in the interface of slag C and industrial coke bed particles as identified in
Figure 4.46 (in mass %).
EDS
position
Spot 1
Area 2
Mass %
MgO
0.0
8.7
Al2O3
5.9
13.6
SiO2
65.2
37.1
CaO
28.9
40.6
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4.3.8. Image analysis of the post experimental packed beds
Post experiment, selected packed beds were mounted in resin and then
sectioned and digitally imaged for image analysis. These images are given in
Appendix IV. The image analysis was carried out to provide knowledge about
the structure of the coke bed and characterise the packing properties of the
beds that affect the flow of liquid slag, namely bed pore size, bed pore neck
size, and sphericity of the particles. Crucial information about the pattern of the
slag flow and holdup distribution with the bed was also obtained. The beds
selected for image analysis were chosen to represent all the tested packing
densities. Furthermore, a non-reacted bed that had experienced the same
thermal history as the packed bed experiment but without the addition of slag
was evaluated to provide a comparison with the reacted beds. An image
analysis was also used as an alternative method of characterising the bed
packing density (ρB) and static holdup of the slag (Hs).

4.3.8.1. Effect of packing density on bed pore size and pore neck
size
Five different packing densities (50, 55, 60, 65, 68%) were tested in the packed
bed experiment. For each packing density, the equivalent pore diameter and
pore neck size were measured by an image analysis of the sliced bed sections
given in Figures 4.47 and 4.48. It can be seen from these figures that the
increase in the bed packing density resulted in a decrease in the equivalent
pore diameter and pore neck size.
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Fig. 4.47 Estimated pore equivalent diameter versus bed packing density.

Fig. 4.48 Estimated pore neck size versus bed packing density.

4.3.8.2. Packing density as measured by image analysis
Packing densities measured by image analysis after the experiments were
plotted against the nominal packing densities (as prepared and estimated by the
weight and volume method described in Section 3.3.5) as given in Figure 4.49.

It can be seen that while both packing density methods correlate, the values of
the image analysis are lower.
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Fig. 4.49 Bed packing density measured by image analysis after slag flow. Slag:
C- Bed: coke analogue-CA6 (4.4%) - Temperature: 1500°C.
The packing density of the packed bed before and after the experiment was
measured using image analysis (Figure 4.50). A comparison was carried out for
the case of slag C through a bed of coke analogue-CA6(4.4%) with a packing
density of 55%, and it can be seen there was little change in the packing density
before and after the slag had flowed through the bed.

Figures 4.51 and 4.52 provide a comparison of the image analysis estimation of
the coke particles sphericity (as defined in Section 3.3.8) and pore neck size
distribution before and after slag flow respectively. A comparison was carried
out for the case of slag C through a bed of coke analogue-CA6(4.4%) of
packing density 55%. It can be seen there was an increase in the sphericity of
the bed particles and the pore neck size after the slag flowed through the bed.
The average particle sphericity increased from 0.57 to 0.61 and the average
pore neck size increased from 1.71mm to 2.11mm.
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Fig. 4.50 Comparison of the bed packing density measured by image analysis
method before and after the experiment. Nominal bed packing density: 55%.
Slag: C- Bed: coke analogue-CA6 (4.4%) - Temperature: 1500°C.

Fig. 4.51 Estimated coke analogue particle sphericity for a bed before slag flow
and after slag flow. Slag: C- Bed: coke analogue-CA6 (4.4%) – Packing density:
55%, Temperature: 1500°C.
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Fig. 4.52 Estimated bed pore neck size distribution for a bed before slag flow
and for beds after slag flow. Slag: C- Bed: coke analogue-CA6 (4.4%) –
Packing density: 55%, Temperature: 1500°C.

4.3.8.3. Observations on slag holdup distribution from image
analysis
It was observed that the slag holdup was well distributed and varied in a lateral
location between the different sections of the bed. The distribution of slag
showed no preferential tendency in regards to the bed walls (no wall effect).

4.3.9. Key observations of the packed bed experiment
The flow of molten slag through the packed bed under a steady supply of slag
showed irregular drain curves. The drain curves were shaped in large steps of
consecutive periods of flow and no flow, although the steps tended to become
smaller and the curves became smoother with time.

Static holdup decreased at higher bed temperatures, but showed mixed results
with a slight decrease at higher packing density. The dynamic holdup
decreased at higher bed temperatures and increased at higher bed packing

164

density. Average residence times decreased at higher bed temperatures and
increased at higher bed packing density.

In the experimental runs involving pre-irrigated beds, the pre-irrigated slag
began to drain from the bed during the heating cycle and before the supply of
slag began, started, leaving an initial pre-irrigation holdup. After the slag was
added, an additional holdup was generated in the bed and hence the final static
holdup was greater than the initial slag holdup.

Static and dynamic holdup as well as the liquid residence time varied with the
slag-packing material, bed temperature, and the packing density.

Bed pre-irrigation caused a significant increase in the final static holdup and a
decrease in the average residence time (ART).

An image analysis of the bed showed a distribution of the static holdup of slag
across the bed. No correlation was found between static holdup and the
position within the bed. That is, there was little evidence of significant wall
effects on the flow of slag, and in a similar manner, the distribution of held up
slag between the sections of bed showed no preference in terms of their vertical
position within the bed.

4.3.10. Summary of the packed bed experiment results


The Hs varied between 5.6 and 13.1%.



The Hd varied between 1.8 and 10.2%.



The ART varied between 5.6 and 23 min.



The repeatability of the dry (non-irrigated) bed for three runs showed
standard deviations of 0.9% and 1.1% for Hs and Hd respectively and 3.4 min
for ART. The repeatability of the pre-irrigated bed for two runs showed better
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consistency with standard deviations of 0.8% and 0.95% for Hs and Hd
respectively and 1.8 min for ART.


An increase in the bed temperature from 1500°C to 1600°C decreased Hs
from 7.1% to 5.9% (17% change) and the Hd from 6.9% to 3.2% (54%
change).



An increase in the bed packing density from 50% to 65% decreased Hs from
6.4% to 5.6% (13% change) and increased Hd from 4.8% to 8.6% (79%
change).



In all cases there were areas of Si enrichment along the slag-coke/coke
analogue interface in the “cold” post experiment beds, which probably
indicated that a chemical reaction occurred between the coke analogue and
the slag.



The increase in the mass % of ash in the coke analogue-CA6 from 4.4% to
12% decreased slightly Hs from 7.1% to 7.0% (1.4% change), decreased Hd
from 6.9% to 1.8% (72% change) and decreased the ART from 19.5 to 8.1
min (58% change). The change of ash type in the coke analogue from CA6
(12%) to MM (12%) increased the Hs from 7.0% to 7.5% (7% change),
increased the Hd from 1.8% to 5.0% (178% change) and increased the ART
from 8.1 to 16.1 min (100% change).



The coke analogue-MM(12%) compared to industrial coke showed close Hs
(7.5% vs 6.2%) , Hd (5% vs 5.4%) and ART (16.1 min vs 16 min) values. This
indicates that this coke analogue mimics the behaviour of industrial coke in
packed beds.



The effect of bed pre-irrigation with particles of slag compared to the dry
beds resulted in :
o an increase in Hs from 7.1% to 12.5% (76% change).
o a decrease in Hd from 6.9 to 4.9% (29% change).
o a decrease in the ART from 19.5 to 6.9 min (64% change).



Image analysis of the beds after experiment as shown in Appendix IV
indicated that the flow was well distributed across the bed with no evidence
of wall effects. There was no preferential distribution of the sites of slag
holdup in the cross sectional images of the beds inspected.
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The flow of slag through the coke analogue packed bed caused the average
sphericity of coke particles to increase from 0.57 to 0.61 and the average
size pore neck to increase from 1.71mm to 2.11mm.



For the highest packing density tested (68%), the bed became blocked after
only 40% of the supply had passed through the bed. The results of this run
were excluded from the comparative analysis.
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5. Discussion
The literature survey of high temperature experimental work for liquid flow
through packed beds revealed that the flow parameters within the bed are of a
distributive nature and the liquid flow patterns are complex [18-21, 152]. More
importantly, the literature revealed that mathematical models based on room
temperature experiments [14, 75, 115] are incapable of accurately predicting
the liquid holdup in high temperature experiments involving liquid iron and slag
flow through a coke packed bed. This could be partially attributed to the
complex surface interaction between the flowing liquid and packed bed material,
but it could also be due to the highly distributive nature of packing properties
within a packed bed [19, 21]. In previous high temperature experiments, liquid
was supplied in limited quantities through one feeding point to the bed, hence a
complete bed irrigation could not be attained [19].

In this project, attempts to overcome the limitations of high temperature
experiments were made by utilising a controllable carbonaceous material (coke
analogue) as the packed bed material and by testing the effect of pre-irrigating
the bed using a technique developed in this PhD study when selected
experimental runs. In addition, the effect of temperature, coke mineralogy, and
bed packing density on the flow of slag were been assessed.

In this chapter the results obtained will be discussed in a way to serve the core
objective of understanding the flow phenomena of liquid slag through a coke
bed.

Firstly, the results of the flow of liquid slag through a single coke channel will be
discussed. The governing forces (gravity and capillary forces) that control this
flow are explained and the time dependency of the slag flow is highlighted.

Secondly, dynamic wetting between the slag and the coke will be shown to play
a significant role in controlling the flow at the pore level. The interfacial
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phenomena were investigated through extensive SEM and EDS analysis of the
slag-coke interface in the three experimental streams of the project.

Thirdly, the results of the flow through some packed bed experiments will be
discussed and linked to the results of the single channel flow. In addition, the
results will be compared to the prediction of the mathematical models currently
available that describe liquid holdup [14, 75, 115]. Modifications to these models
to describe the experimental results obtained in this study will be presented.

Finally, an attempt will be made to link the findings of this project to the blast
furnace lower zone flow phenomena.

5.1. Single channel flow experiment
The focus of the investigation of this experimental stream relates specifically to
assessing/quantifying the critical pore neck size in a packed bed below which
no slag will flow. The pore neck size has been approximated to the diameter of
a cylindrical coke channel.

5.1.1. Minimum channel diameter to allow slag flow
For the combinations of slags and carbonaceous materials used, the minimum
channel diameter that allowed slag flow through the channel was either 4.4 mm
or 5.0 mm (see Table 4.1), but when the channels had diameters less than
those sizes

the slag did not flow out the channel. This range of minimum

channel diameter range was found for all tested combinations of slag
compositions (Table 3.1) and coke analogue ash contents (Table 3.2). This
indicates that the coke analogue mineral type and content used (as listed in
Table 3.2) did not have a distinguishable effect on the minimum diameter. The
compositions of slag represented a range of v-ratios of 0.8 to 1.5 and the coke
analogue varied in the content of ash between 0.0%, 4.4%, and 12% for CA1,
CA2, CA6, and MM.
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The minimum channel diameters obtained were in broad agreement with the
observations by Husslage [19] who found that similar blast furnace type slags at
1500°C were blocked when passing through graphite funnels less than 3.0 mm
in diameter, or through coke beds with an average pore neck size below 5.38
mm.

In an attempt to understand these results, the Laplace-Young equation for
infiltration of a liquid into a capillary [85] (equation 2.29) was applied,

This equation represents a balance between the gravitational force and the
solid-liquid interfacial forces that prevent the slag from entering the channel.
The force balance is shown schematically in Figure 5.1.
Capillary

Capillary

Slag
Coke

Slag droplet
Coke particle

Droplet
size (h)
θ

Head above
channel
tip (h)

Slag

θ

COKAN

Channel diameter (d)

Pore neck size (d)
Gravity

(a)

Gravity

(b)

Fig. 5.1 A schematic illustration of the simplified force balance acting on
statically suspended liquid slag on: (a) inter-coke particle pore neck, (b) coke
channel entrance.
The capillary pressure (the right hand side of equation 2.29) is inversely
proportional to the diameter of the channel, such that the larger this diameter
the smaller the repulsion force that prevents the slag from entering the channel.
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At a certain channel diameter, hydrostatic pressure of the slag overcomes the
capillary pressure and the slag enters the channel.
To verify this approach for non-wetting systems, characteristic values for θ were
used based on those reported in the literature for slags of a similar nature to
those in this study on coke and graphite respectively [19, 100, 137]. These
characteristic values varied from 100 to 140°. The values used for ς and ρ were
calculated for the slags using the NPL Slags model [129] at the experimental
temperature, and are given in Table 3.1.
Equation 2.29 was used to calculate h for varying d for a constant composition
of slag but for different slag-coke contact angles, and for a constant contact
angle but for different types of slag. Figure 5.2 illustrates the effect of the slagcoke contact angle θ for a constant composition of slag (for slag C). Figure 5.3
illustrates the effect of changing the composition of slag from A to E for a fixed
contact angle, at an average value of 120°.
In the experimental setup used, h was approximately 10 mm. The experimental
h value was calculated from considerations of the slag density ρ and mass and
a frustum representing the funnel cone volume. From the conditions detailed in
Figure 5.2, for an h value of 10 mm, the predicted minimum channel diameters
d for flow are between 1.4 to 5.25 mm. Similarly in Figure 5.3, it is between 2.8
to 3.9 mm.
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Fig. 5.2 A plot of the minimum channel diameter that allows slag flow versus
liquid slag head as calculated by equation 2.29 for a fixed slag composition
(slag C) and different slag-coke contact angles. The arrows indicate the
minimum diameter range for the experimental head of slag of 10 mm.

Fig. 5.3 A plot of the minimum channel diameter that allows slag to flow versus
liquid slag head as calculated by equation 2.29 for a fixed contact angle (120°)
and different slag types. The arrows indicate the minimum diameter range for
the experimental head of slag of 10 mm.
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The data presented in Figures 5.2 and 5.3 indicates that the lower the slag-coke
contact angle, the smaller the channel diameter. From Figures 5.2 and 5.3, for
the compositions tested, it would appear that there is a stronger effect of
changing the contact angle (θ) than that of changing slag composition (density
and surface tension). From this analysis the experimentally determined
minimum channel diameters that allowed the flow of slag (4.4 and 5.0 mm),
were close to the range predicted by equation 2.29.

This analysis would seem quite compelling and would appear to indicate that
equation 2.29 is consistent with the experimental findings, but unfortunately
other results from the experimental programme indicate otherwise. Given the
importance of the wetting characteristics of the slag on the coke and coke
analogue in the analysis, it was decided to measure this property for the slagcoke, coke analogue, and graphite used in this study at the key experimental
conditions. The results are given in Figures 4.8 and 4.9. From these figures it
can be seen that the wetting characteristics of the slag in contact with most of
the coke analogues is dynamic and that θ decreased with time. The values
ranged from approximately 120° down to as low as 10° in some cases. Full
details of these results are discussed in Section 5.2.

These results raise a number of problems about the use of equation 2.29 for
establishing a minimum channel diameter or pore neck size.
1- The measured wetting values are dynamic and change with time. It
should therefore be expected that the minimum channel diameter should
change with time. Most of the single channel experiments were
conducted at a constant time of 30 minutes at temperature.
2- When θ < 90°, i.e. when the slag-coke or coke analogue are in a wetting
condition, it should be expected that the slag should either penetrate the
channel or flow through the channel.
3- The dynamic nature of θ indicates a reaction between the slag and the
coke, or the coke analogue.
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To assess the effect of time on the minimum channel diameter/pore neck size
an experiment was carried out in a configuration that allowed imaging and
recording of any slag flowing out of the channel. All other key experimental
conditions were the same. Selected images of the results are given in Figure4.2.

This was done for slag C in contact with a funnel of coke analogue-MM (12%).
Under the standard experiment this system had a minimum channel diameter to
allow slag to flow out of 4.4 mm after 30 minutes at temperature. For the
imaging experiment, a smaller channel diameter (4.0 mm) was utilised. From
Figure 4.2 it can be seen that the slag began to appear at the bottom of the
channel at 62:45 min:sec. At 63:10 min:sec, the slag had flowed out of the
channel which indicates that the minimum channel diameter/pore neck for flow
is time dependent as would be expected from the dynamic wetting
measurements given in Figures 4.8 and 4.9.

For the wetting condition under increased times it would be expected that slag
would enter the channel, and it was confirmed. It would also be expected that at
the standard 30 minutes for minimum channel experiments, even under
conditions of no flow, there would be some penetration of the slag into the
channel. This occurred in the single channel experiment (see Table 4.2 and
Figure 4.1).

Reforming Equation 2.29 can be used to predict the penetration (h) of liquids
into a capillary of diameter d as given in equation 5.1, that predicts [153],

(5.1)

It was not practical to calculate the h for these experiments because it is an
equilibrium value, and both the wetting measurements in Figures 4.8 and 4.9
and the data in Figure 4.2, indicate that the slag-coke system is dynamic.
However, the penetration behaviour presented in Table 4.2 and illustrated in
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Figure 4.1 is broadly consistent with equation 5.1, that is, although the slag did
not pass through the channel completely, it has penetrated it.

5.1.2. Effect of slag-coke/coke analogue interaction on dynamic
wetting and slag flow
The flow of slag through the narrow coke channels for extended time was
described Section 4.1.2, and illustrated in Figure 4.2. As the slag dwells in the
channel at the experimental temperature, the slag creeps into the channel with
the penetration depth increases as the wetting angle decreases (see Figures
4.8 and 4.9) according to equation 2.29. When the penetration depth reaches
the full channel length (bottom end), the liquid slag forms a bulb extruding out of
the channel (see figure 4.2 third image). At this stage the liquid experiences a
sudden flow out of the channel when the surface force of the slag bulb (one of
the six forces described by Fukutake [14] in equation 2.22) and associated with
the energy of forming a new surface of the liquid phase) is overcome by the
gravity force.

The dynamic behaviour of the contact angle of the slag on the coke/coke
analogue is an indication of a reaction of the slag either with the gas phase or
the coke/coke analogue. A gas analysis was not available in the experimental
programme so most commentary on this reaction focused on the slag and the
slag-coke/coke analogue interface.

There was evidence in all three experimental streams of silicon enriched areas
at the slag-coke/coke analogue interface (Figures III.2. III.4, III.6, III.8, III.10,
III.12, III.14, III.16, III.18, III.20, III.22, III.24 for the single channel experiment in
Appendix III, Figures 4.15 and 4.18 for the dynamic wetting measurements,
and Figures 4.43-4.46 for the packed bed experiments).

These silicon enriched areas have been identified using SEM-EDS by spot,
area, and mapping analyses. To simplify the discussion only the minimum
channel diameter flow experiments will be discussed here.
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The post experimental samples were analysed cold, which creates an issue
when attempting to understand the results. Is the phenomenon you are
reporting/investigating representative of a high temperature experiment or an
experimental artefact generated by cooling the sample down to room
temperature?

To establish whether these silicon enriched areas at the slag-coke/coke
analogue interface were real or an experimental artefact, the following approach
was adopted.


The phases around the coke-slag interface were identified and compared
with the phases in the bulk of the slag.



Thermodynamic modelling of the slags used in the experimental
programme was undertaken over a suitable temperature range to
establish possible phases that may form during cooling.

This approach should allow for any differentiation of the phases around the
coke slag interface with the phase partitioning of the slag simply as a result of
cooling.

The key data given in Figures 4.3 and 4.4 and Table 4.3 and the majority of the
data/Tables/Figures in Appendix III, show there is more than one phase
precipitating from the slag on cooling from the experimental temperature. This is
most clearly evident in the backscattered images shown in Figures III.3. III.5,
III.7, III.9, III.11, III.13, III.15, III.17, III.19, III.21, III.23, III.25 where the grey
scale contrast is sensitive to the average atomic number of the phase, but is
also seen in the other EDS analysis. From the maps in these figures it would
appear that the Si-rich phase near the interface is CaO-Al2O3-SiO2 slag
depleted in MgO. A spot analysis indicated that the slag surrounding the MgO
depleted region was slightly enriched in MgO which indicates that some
partitioning occurred in the slag on cooling. What is clear though, when
reviewing the data, is that while there is significant evidence of the slag
partitioning on cooling, both in the bulk and around the slag-coke/coke analogue
interface, this partitioning did not fully explain the silicon-rich areas at the
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interface. Perhaps this is best evidenced by considering Table 5.1 which shows
that the silicon enriched areas at the interface are generally much higher in
silicon than the high silicon phases identified in the bulk of the slag. Note that
the concentrations of Si are expressed in this Table as SiO2 for easy
comparison. It is more likely at the interface that the Si-rich species formed is
SiC from the reaction 2.54 [139].

Given the size of the silicon enriched areas it was not possible to identify the
phase but it is known that SiC can form under the conditions used in the
experimental programme [139].
Table 5.1 A comparison between the analysed Si values in the slag at the
interface and in the slag bulk.
Si, (expressed as SiO2 mass %)
Slag-funnel material combination

At the slag-coke
interface
(the identified Sienriched areas)

In the slag bulk
(the identified Si
rich phases)

Slag B-Coke Analogue-CA6(4.4%)

94.2

33.6

Slag C-Coke Analogue-CA6(4.4%)

87.4

49.1

Slag C-Coke Analogue-CA2(4.4%)

56.0

48.3

Slag C-Coke Analogue-MM(4.4%)

76.5

47.8

Slag C-Coke Analogue-CA6(12%)

79.2

48.3

Slag C-Coke Analogue-MM(12%)

71.5

47.2

Slag C-Coke Analogue-(0.0%)

99.2

43.7

Slag C-Industrial Coke

45.1

45.8

Slag C-Graphite

71.2

48.0

Slag D-Coke Analogue-CA6(4.4%)

98.5

41.8

Slag E-Coke Analogue-CA6(4.4%)

98.9

No slag partition
observed
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A thermodynamic analysis was carried out using MTDATA [144] to assess the
possible phases that could precipitate from the slag as it cooled. A phase
stability diagram covering Slags A to D over the temperature range 1000°C to
1500°C (1273K to 1773K) was calculated using MTDATA [144], as shown in
Figure 5.4. A key for the phases identified in Figure 5.4 is given in Table 5.2.
This calculation is for the slag phase only and takes no account of the coke or
coke analogue.

Fig. 5.4 Equilibrium phase stability diagram approximately covering Slags A to
D. “Start” represents 100% slag A, and “End” represents 100% slag D. On the
„proportion of end by weight‟ scale, 0, 0.2, 0.4, 0.6, 0.8 and 1 represent a
CaO/SiO2 ratio of 1.50, 1.35, 1.25, 1.18, 1.13 and 0.80, respectively. The
vertical dashed lines indicate slag B and slag C from left to right respectively.
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Table 5.2. A key of the phase labels given in Figure 5.4
A=MELILITE + PLAGIOCLASE_H + WOLLASTONITE
B=MELILITE + CLINOPYROXENE + PLAGIOCLASE_H + WOLLASTONITE
C=LIQUID_OXIDE + MERWINITE + ALPHA_C2S
D=LIQUID_OXIDE + MERWINITE
E=LIQUID_OXIDE + MELILITE + MERWINITE
F=MELILITE + SPINEL + MERWINITE
G=MELILITE + MERWINITE + BREDIGITE
H=MELILITE + MERWINITE + RANKINITE
I=MELILITE + PLAGIOCLASE_H + PSEUDO_WOLLASTONITE
J=MELILITE + MERWINITE + WOLLASTONITE
K=MELILITE + MERWINITE + WOLLASTONITE + RANKINITE
L=MELILITE + MERWINITE + BREDIGITE + RANKINITE
M=MELILITE + SPINEL + MERWINITE + ALPHA_C2S
N=MELILITE + MERWINITE + ALPHA_PRIME_C2S
O=LIQUID_OXIDE + MELILITE + PLAGIOCLASE_H
P=LIQUID_OXIDE + MELILITE + PSEUDO_WOLLASTONITE
Q=MELILITE + SPINEL + MERWINITE + OLIVINE
R=MELILITE + BREDIGITE + RANKINITE
S=LIQUID_OXIDE + MELILITE + ALPHA_PRIME_C2S
T=LIQUID_OXIDE + SPINEL + MERWINITE + ALPHA_C2S
U=LIQUID_OXIDE + MELILITE + SPINEL + MERWINITE
V=MELILITE + BREDIGITE + ALPHA_PRIME_C2S
W=MELILITE + ALPHA_PRIME_C2S + RANKINITE
X=LIQUID_OXIDE + ALPHA_C2S
Y=MELILITE + PSEUDO_WOLLASTONITE + RANKINITE
Z=MELILITE + WOLLASTONITE + RANKINITE
AA=LIQUID_OXIDE + MELILITE + PLAGIOCLASE_H + WOLLASTONITE
AB=MELILITE + MERWINITE + OLIVINE
AC=LIQUID_OXIDE + MELILITE + MERWINITE + ALPHA_C2S
AD=LIQUID_OXIDE + MELILITE + RANKINITE

The calculations were only carried out down to 1000°C. It was assumed that
kinetic limitations would prevent further possible phase evolution of the slags
under the prevailing experimental conditions. Of the phases predicted,
WOLLASTONITE and PLAGIOCLASE_H were the only phases with greater
than 40 mass % SiO2 that could be considered silica rich phases, with little or
no MgO in the temperature range of 1200°C - 1500°C (see Table 5.3). Neither
of these phases would result in SiO2 levels as high as 70%. It is therefore likely
that the Si rich phase formed at the interface is due to a reaction between the
slag and coke, and is SiC.
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Table 5.3 Composition in mass% of phases identified by MTDATA over the
temperature range 1200°C - 1500°C. Note: the compositions have been
rounded to whole numbers.
Slag

Phase

Slag A

ALPHA_PRIME_C2S

MELILITE

MERWINITE

BREDIGITE

ALPHA_C2S

SPINEL

Slag B

ALPHA_PRIME_C2S

MELILITE

MERWINITE

BREDIGITE

ALPHA_C2S

Temperat
-ure,° C
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500

CaO,%

SiO2,%

Al2O3,%

MgO,%

0
0
0
0
41
41
41
0
51
51
51
0
56
56
0
0
0
0
63
63
0
0
0
0
0
0
0
0
41
41
41
0
51
51
51
0
56
56
56
0
0
0
62
61

0
0
0
0
23
23
24
0
37
37
37
0
36
36
0
0
0
0
35
35
0
0
0
0
0
0
0
0
34
34
33
0
36
36
36
0
36
36
36
0
0
0
35
35

0
0
0
0
36
35
33
0
0
0
0
0
0
0
0
0
0
0
0
0
72
72
72
0
0
0
0
0
17
17
18
0
1
1
12
0
1
1
1
0
0
0
1
1

0
0
0
0
0
1
2
0
12
12
12
0
8
8
0
0
0
0
2
2
28
28
28
0
0
0
0
0
8
8
8
0
12
12
1
0
7
7
7
0
0
0
2
3

180

Table 5.3 (Cont‟d)
Slag

Phase

Slag C

PLAGIOCLASE_H

MELILITE

WOLLASTONITE

PSEUDO_WOLLAST
ONITE

Slag D

PLAGIOCLASE_H

MELILITE

WOLLASTONITE

CLINOPYROXENE

Slag E

PLAGIOCLASE_H

MULLITE

Temperat
-ure,° C
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500

CaO,%

SiO2,%

Al2O3,%

MgO,%

21
0
0
0
42
42
42
0
47
0
0
0

43
0
0
0
37
37
36
0
52
0
0
0

36
0
0
0
12
12
13
0
0
0
0
0

0
0
0
0
9
9
9
0
1
0
0
0

1200

0

0

0

0

1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500
1200
1300
1400
1500

0
0
0
20
0
0
0
41
41
0
0
46
0
0
0
26
0
0
0
20
20
20
0
0
0
0
0

0
0
0
43
0
0
0
42
40
0
0
52
0
0
0
52
0
0
0
43
43
43
0
30
30
29
29

0
0
0
37
0
0
0
4
6
0
0
0
0
0
0
5
0
0
0
37
37
37
0
70
70
71
71

0
0
0
0
0
0
0
13
13
0
0
2
0
0
0
17
0
0
0
0
0
0
0
0
0
0
0

Using MTDATA to calculate the slag phases revealed that Slag A and B might
have been below their liquidus temperature at the experimental temperature.
Initially, the slags used in the experimental programme were designed based on
their liquidus temperature as calculated by the NPL Slags Model [129].
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Based on the results shown in Figure 5.4, the liquidus temperatures for the
slags used in the experimental programme were calculated using the NPL
Slags Model [129] , MTDATA [144] and FACTSAGE [145]. The results are
given in Figure 5.5. It can be seen that there is a significant difference in the
liquidus between the NPL Slags Model and the other two calculation
approaches. Also, it can be seen that, from the NPL Slags Model, all slags are
fully liquid at 1500°C while Slags B and particularly A have a liquidus
temperature higher than 1500°C if MTDATA and FACTSAGE are correct.

Fig. 5.5 Liquidus temperature for the used slags calculated by three models.

MTDATA and FACTSAGE results are in reasonable agreement, but the NPL
results deviated for four slags out of five. It is difficult to explain the difference in
values from the three models. The NPL model is based on the Kapoor-Frohberg
approach [154], MTDATA on a modified associate approach [144] and
FACTSAGE is a quasi-chemical based model [145]. It is beyond the scope of
this study to investigate why the three modelling approaches gave such
different liquidus temperatures. If there were significant amounts of solid in
Slags A and B then it can be expected that their flow characteristics would be
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significantly affected. Apparent evidence of whether the slags were fully molten
came from the sessile drop wetting measurements, where all the slags
appeared to be fully liquid. From the post experimental samples of slag B from
the single channel experiment and wetting measurements, it could not be
judged whether there had been solid slag present at the experimental
temperature. Slag A decrepitated in both experiments, leaving no means of
inspection post experiment. It is concluded that Slags A and B might have had a
solid fraction in both experiments due to:


Consistent evidence from MTDATA and FACTSAGE models for liquidus
temperature.



The large difference in wetting characteristics for Slags A and B from
other slags tested.

There is little more that can be said about the liquidus temperature of slag A
and B other than it increases the uncertainty of the data generated using these
slags in the experimental programme. Accordingly, it was decided not to use
Slags A and B in any further analysis in this project.
In summary, the approach of comparing the slag-coke interface with the slag
bulk confirmed that the Si enriched areas at the interface were a reaction
product and unlikely to be just a simple Si enrichment due to partitioning of the
slag on cooling. Thermodynamic modelling of the slag phases offered no
alternative phase that could have precipitated on cooling that could account for
the Si enrichment. It is likely that the Si enriched area is carbide formed by the
reaction previously specified.
Thermodynamic modelling did highlight potential issues with slag A and B‟s
liquidus temperatures. Generally, evidence from the experimental programme
was not definitive to support that these slags were fully liquid at 1500°C (the
primary experimental temperature). Unfortunately, data generated using these
slags subsequently have high uncertainty associated with them and will be
excluded from further analysis or use in this study.
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5.1.3. The flow in a packed bed in view of the flow through a single
channel
A packed bed represents the lower zone of the blast furnace and can be
regarded as a network of single pores interconnected through their necks.
Similar actions of the governing forces of gravity and interfacial phenomena and
flow patterns in the excrement and in the blast furnace could be expected.

The time dependency of the flow through a pore neck and the abrupt flow of
slag out of the channel (see Figure 4.2) could be multiplied for a network of
inter-connected pores found in a packed bed. This might help explain the slag
slug-flow through coke beds seen in the packed bed experimentally. This
phenomenon has been previously reported in hot packed bed experiments [1820, 91]. It could be said that the flow of slag through the accessible bed pores
experiences a stochastic semi-batch action of repetitive filling and draining
cycles, as shown schematically in Figure 5.6.

Slag rivulet
dripping into a
pore

Drained pore
being filled
Liquid
slag
by fresh
slag

Large
Large neck
neck
(flow)
(flow)

Cokeparticle
particle
Coke

Narrow neck
(no flow)

Siteofofliquid
liquid
Site
holdup
holdup
Inaccessible
Inaccessible
pore
Pore

Liquid slag

Fig. 5.6 A schematic representation of the pore-to-pore slag flow system within
a coke bed.
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5.2. Assessment of slag-coke and coke analogue dynamic wetting
It was shown in Section 5.1 that the wettability between liquid slag and coke
plays a governing role in determining whether the slag will enter a coke channel
(or a pore neck in a packed bed). Given the evidence of the reaction discussed
in Section 5.1.2, it was necessary to understand how such reactions might
affect the wettability and the contact angle between molten slag and coke at the
same experimental temperature and atmosphere.

5.2.1. General discussion of the contact angle measurements


Dynamic wetting of slag C on graphite, industrial coke, and coke
analogue

From Figure 4.8 it can be seen that graphite showed a reasonably constant
non-wetting contact angle of approximately 132°. Industrial coke however
showed dynamic contact angles which decreased from 122° to 90° over 90
minutes.

Generally the measured contact angles of slag on graphite and on industrial
coke agreed reasonably well with data reported in the literature for similar slags.
The results for graphite agreed with Husslage‟s [19] measurements (130°-135°)
and are similar to that of Mehta et al. [136] (100°-120°). The results for industrial
coke agreed with those measured by Husslage [19] (110°-116°) and those
measured by Kang et al. [134]. Kang et al. [134] made measurements over
much longer timescales than used in the current experimental programme.
Although, differences in coke ash composition and slag chemistry (particularly
the existence of 5.9 mass% of Fe2O3) will have an effect on slag-coke
reactivity, the overall analysis provides insight of the dynamic wettability
behaviour over extended time. Time zero in a wettability measurement would
vary from a system to another. The comparison used has considered the
system behaviour over 150 minutes where the effect of time zero would not be
critical to the analysis. Kangs‟ [133] data been overlaid on the current data and
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are replotted in Figure 5.7. This agreement is encouraging and offers some
validation to the measurement method.

From Figure 5.7 it can be seen that there is a good similarity between the
measured contact angle for industrial coke and the measurements of Kang et
al. [134]. Furthermore, Kang et al.‟s longer time measurements showed further
decreases of the contact angle to levels similar to those of the coke analogues.
The behaviour of change of Kang et al.‟s wetting measurements, at times
greater than 80 minutes, was similar to the initial change in wetting of the coke
analogue.

Fig. 5.7 A comparison between the measured contact angle for slag Ccarbonaceous substrates and literature data of slag on industrial coke at
1500°C.
Slag C: CaO:40.7%, SiO2:37.4%, Al2O3:12.5%, MgO:8.8%
Slag 1: CaO 39.0%, SiO2 39.4%, Al2O3 10.1%, MgO 5.6%, Fe2O3 5.9% (Kang
et al. [134])
Figure 5.8 illustrates the comparison between the change of θ with time for slag
C on graphite and industrial coke. The difference in behaviour of graphite and
industrial coke may be accounted for in terms of the difference in ash content
(no ash in graphite versus approximately 12% in industrial coke) in addition to
the difference in their porosity.
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Fig. 5.8 A comparison between the measured contact angle for slag C on
graphite and on industrial coke at 1500°C.
The wetting behaviour of industrial coke was compared to the coke analogueMM (12%), which was designed to mimic the ash type and content of industrial
coke, as given in Figure 5.9.

Fig. 5.9 A comparison between the measured contact angle for slag C on
industrial coke and coke analogue-MM (12%) at 1500°C.
From Figure 5.9 it can be seen that both industrial coke and coke analogue-MM
(12%) showed dynamic wetting behaviour. The rate of θ decrease was higher in
the coke analogue. These results raised a number of questions about the

187

reasons behind the difference in wetting behaviour of the coke analogue from
both graphite and industrial coke.

The coke analogue is mostly made of graphite and doped with minerals to
replicate the mineralogy and phase dispersion of coke. Early in the
development of the coke analogue, a test of its reactivity compared to the
graphite found that its dissolution rate in liquid iron (see Figures 2.6 and 2.7)
was lower than graphite and that the dissolution rate

was comparable to

industrial coke[25, 63]. Both these facts are consistent with the analogue
replicating the coke dissolution properties.

Reviewing Figure 5.7 to assess

whether the analogue has similar wetting attributes to coke or graphite, it can be
seen that the coke analogue shows dynamic wetting behaviour similar to
industrial coke. The primary difference seems to be that the rate of change for
wetting of the analogue is much greater than industrial coke when measured
over the timescales used in this study. What is interesting, though, is that when
the wetting measurements of the analogue were compared with the longer time
data of Kang et al. [134], the rates of wetting change were similar. This is
encouraging because it indicates that to some degree, the analogue is behaving
in a manner that is broadly consistent to industrial coke.

 Effect of ash type and content on slag-coke analogue wettability
The contact angle of slag C on the coke analogue was, in general, dynamic.
The change of θ with time appeared relatively insensitive to the type of ash at
an ash content of 4.4 mass% (see Figure 5.10 (a)). At an ash content of 12
mass%, the type of ash appeared to have an effect on the contact angle (see
Figure 5.10 (b)) where θ was lower in CA6 than MM. The reason why the effect
of the type of ash was only observable when there was 12% ash and not 4.4%
may be attributed to the increased probabilities of interaction of the slag and
ash species at the interface.
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(a)

(b)
Fig. 5.10 Effect of ash type on the dynamic wettability of slag C on coke
analogue at 1500°C. (a) ash mass% = 4.4 (b) ash mass% = 12.
The difference in the behaviour of the contact angle between the two types of
ash (CA6 and MM) was assessed on whether it was real, a result of
measurement uncertainty, or the problems in determining the

time-zero

(discussed in Section 5.2.2). The difference was found to be greater than the
scatter of the measurement repeatability (Figure 4.10) and the variation in
measurements around time zero (Figures 4.11 and 4.12).
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To understand why θ would be lower in CA6 than MM, the difference in the
reactivity of both types of ash with the slag was considered. For this purpose
the liquidus temperature and the potential reaction path with slag C were
investigated for both CA6 and MM. From the phase diagrams of the Al2O3-CaO
and the Al2O3-CaO-SiO2 systems (Figures 2.30 and 2.31 respectively), the
approximate liquidus temperatures of CA6 and MM were found to be 1950°C
and 1700°C respectively. The potential reaction paths between these two
phases and slag C were plotted on the Al2O3-CaO-SiO2 phase diagram (See the
dashed lines on Figure 5.11). The potential reaction path of both CA6 and MM
passed through phases whose liquidus temperature is less than 1500°C. For
example for CA6, it passes through C2AS which can be liquid around 1450°C
(similarly applies to MM). It is difficult to determine which phase would form first
and favour the reactivity of either of the minerals with Slag C. Further
investigation of these phases is needed but is beyond the scope of this study.

MM

Slag C

CA6

Fig. 5.11 Phase diagram of the Al2O3-CaO-SiO2 system with the potential
reaction paths of slag C with CA6 and MM indicated on it.
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The change of θ with time varied with the amount of ash in coke (Figures 5.12
(a) and (b)). The effect of the amount of ash in the coke analogue on the
dynamic wettability of the same type of slag to coke has been investigated for
two types of minerals: CA6 and MM. Three levels of the mass content of ash
were tested: 0%, 4.4% and 12%.

Figure 5.12 illustrates the effect of the mass content of ash on the wettability of
slag C on the coke analogue-CA6, (a) and on the coke analogue-MM (b). It can
be seen that an increase in the mass of ash resulted in a decrease in the
wetting angles in both cases.

(a)

(b)
Fig. 5.12 Effect of ash mass on the dynamic wettability of slag C on, (a) coke
analogue-CA6 and, on (b) coke analogue-MM at 1500°C.
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From Figure 5.12, it can be observed that there is a strong time dependency of
the contact angle for both types of ash (CA6 and MM) where the contact angle
consistently decreased with time.

In addition, there is an ash content dependency of the contact angle where θ
generally decreased with the increase in ash. This observation seems to be
consistent with the observation by Kang et. al [134] and Sun et.al [138] who
found that the wetting angle of slag on coke was lowered by an increase in the
content of ash in coke that was attributed to an improvement in the kinetics of
the reduction of slag oxides at the interface and an increase in the probability of
interaction of the slag and the ash species.


Dynamic wetting of different slags on coke analogue

From Figure 4.9 it can be seen that for a substrate of coke analogue-CA6
(4.4%), the change of θ with time varied with slag type. Slags C and D showed
a steep decrease of θ with time (approximately from 80° down to 20° over the
experimental time). Slag E showed behaviour of change of θ with time that lies
between those observed for Slags C and D.

The composition of slag affects its structure, so it may be expected that its
structure would affect the measured contact angle on coke or the coke
analogue. Simple measures of the structure of slag could be its v-ratio
(CaO/SiO2) and viscosity. Both are related to its structure because the v-ratio is
considered to be an approximate measure of the ratio of network breaking
(basic) components over network forming (acid) reagents of a slag. Viscosity is
a measure of the shear forces involved in enabling the ions to move in the slag.
Both the v-ratio and viscosity are highly correlated and it would be expected that
for increasing values of the v-ratio of liquid slag, the viscosity would be lower
[35].

On the other hand the effect of its composition might be considered in terms of
its effect on the reactivity of slag with coke analogue substrates and the
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possible formation of reaction products such as SiC as a result of SiO 2
reduction by Carbon (reaction 2.54) as discussed in Section 5.1.2.

The contact angle for slags C, D, and E was plotted versus the v-ratio and
viscosity of slag (as calculated by the Riboud model [133]) at 1500°C (see
Figures 5.13 and 5.14 respectively). To simplify the analysis, only the data of
the contact angles measured at 0, 30, 60, and 90 minutes were used. These
data cover all the measuring period.

Smaller ions –less
bonded silica
chains or rings [35]

Fig. 5.13 Relationship between slag v-ratio (CaO/SiO2) on the measured
contact angles at 1500°C on coke analogue-CA6(4.4%) substrates.
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Smaller ions –less
bonded silica chains or
rings [35]

Fig. 5.14 Relationship between slag viscosity (calculated by Riboud model and
presented on a logarithmic scale) on the measured contact angles at 1500°C on
coke analogue-CA6(4.4%) substrates.

Figure 5.13 illustrates that for the slag compositions tested, the contact angle of
the slag-coke analogue systems decreased with an increasing v-ratio
(CaO/SiO2).
The association between the v-ratio and contact angles may be related to the
smaller ions and less bonds in the silica chains as a result of the decrease in
the content of silica in the slag. In addition, the variation of θ with the v-ratio
could be discussed considering the formation of SiC at the interface as a result
of SiO2 reduction by the coke analogue carbon. From the only available data in
the literature related to the CaO-SiO2 binary, it was found that these slags have
a low contact angle with SiC (see Figure 2.27 [140]) and that the contact angle
decreased with a decrease in the content of SiO2 in slag, as indicated on Figure
2.27. On the other hand it could be argued that lower activity of SiO2 species of
high v-ratio slags suggests less slag-coke surface interaction via reaction 2.54
[139], hence higher contact angle would be expected. While this comment is
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valid, it contradicts the findings of the current study which might indicate that the
slag structure prospect might have a dominant effect on the system reactivity.

Both arguments of the effects of the structure and SiC formation of slag are
consistent where a higher v-ratio has less SiO2 in it and has lower θ associated
with it. On the other hand, Figure 5.14 illustrates that for the slag compositions
tested, the contact angle of slag-coke analogue systems decreased with a
decrease of slag viscosity.

Considering the results of both Figures 5.13 and 5.14, it would appear that the
wetting angles are decreasing with higher basicitices (v-ratios) and lower
viscosities. Perhaps this lower wetting value is related to the less bonded nature
of the silica components in the slag or that basic slags are more reactive with
acid refractories [35, 155], because CA6 ash in the coke could be considered
acid. This increased reactivity and formation of SiC at the interface resulting in a
lower wetting angle.

The justification for the acid characteristic of CA6 is as follows:
Generally Al2O3 can be considered an intermediate oxide with respect to
basicity[35]. Whether it has a basic character or acid character depends on its
environment. It may be expected to behave as an acid in a basic environment
and converse in an acidic environment. Given the Al2O3 in CA6 is associated
with CaO (a base), it is being assumed to have an acidic character [35].

At the end of this section it might be worth re-emphasising that the wettability of
the slag-coke/coke analogue systems studied was dynamic in general. The
contact angle decreased with time at rates that depended on the ash type (at
12% mass ratio) and content in the carbonaceous substrates. This dynamic
wettability influenced the flow of liquid slag through coke/coke analogue packed
bed at the pore level, as single channels (see section 5.1.2), and at the bed
macro level (see Section 5.1.3).
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5.2.2. Measurement uncertainty related to a determination of timezero and substrate roughness


Determination of time zero

In the wettability measurements, many of the slags tested were liquid or partially
liquid before the experimental temperature of 1500°C was reached. Therefore
there was a possibility that a significant reaction would occur before the
experimental temperature was reached, causing a change in θ. This could have
a significant effect on the contact angles measured at the beginning of the
experiment, especially for the slag-coke analogues that showed a steep
decrease in the contact angle at the vicinity of time-zero. As shown in Figures
4.11

and

4.12,

a repeat

of

the

wettability measurements

including

measurements prior to time-zero, revealed a consistent dynamic wettability
pattern to that observed in the original measurements.

Further, from these figures it can be seen that the contact angle prior to timezero just after the experiment reached the slag liquidus temperature as
calculated by the NPL slags model has shown a θ/time behaviour similar to the
initial period after time-zero.

This indicates there were significant reactions

before the time-zero value was established and the initial θ values were
underestimated. This is likely to be true for all the coke analogue wetting
measurements.


Substrate roughness

Determination of contact angles of molten slags on carbonaceous materials
such as coke is problematic due to complex parameters of surface roughness,
heterogeneity, the hysteresis effects, and anisotropic wetting behaviour [85,
156, 157]. Accordingly, the current measurements, while providing a description
of the wettability system and indications of the contact angle trends and
behaviour, should be interpreted with care.

There are two main factors related to the surface roughness of the substrate
that affect wettability, the first is an increase in the surface area with roughness,
and the second is a pinning of the triple line by sharp edges [85, 157]. While it is
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problematic to obtain a smooth surface in the nano-scale for most surfaces, it is
even more difficult to control the roughness value of porous material such as
coke, even in the micro scale. A plot of the measured contact angle over time
versus the surface finish of the substrate (see Figure 3.11) showed a
decreasing trend in the contact angle with an increase in the surface roughness
of the substrate, an effect that was more pronounced at the beginning of the
experimental period. In all cases, as time passed, the contact angle θ tended
towards a common value (less than 10°).

This result is consistent with the analysis of Choi et al. [158] of the increasing
wettability of the substrate roughness due to an increase in the reactive surface
area between the liquid drop and the substrate. Due to the surface roughness,
the actual surface area of the substrate (A) is greater than the apparent surface
area (Aapp), as defined from the bulk sample geometry. This is expressed in
terms of Wenzel‟s ratio (rwenz) by

⁄

(5.2)

An increase in the surface area of the substrate due to roughness of the
substrate will cause the apparent measured contact angle (θapp) to be lower
than the true contact angle (θtrue) by the ratio r as defined by equation 5.3 and
graphically illustrated in Figure 5.15 [158].

(5.3)

Calculating the Wenzel ratio for the systems tested was beyond the scope of
the current study.
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Fig. 5.15 Effect of surface roughness on the equilibrium contact angle of slag
(CaO 54.7%, SiO2 11.6%, Al2O3 33.7%) on alumina substrate [158].


Liquidus temperature of Slags A and B

Considering the calculated liquidus temperatures for the slags used (Figure
5.5), slags A and B could be either liquid (NPL model calculations) or still
contain certain solid fractions (MTDATA and FACTSAGE model calculations) at
1500 °C. The fact that these slags may have been partially solid could explain
the low reactivity and the non-wetting behaviour observed, and might have
compromised the results of these slags (refer to Figure 5.5 and the earlier
discussion in Section 5.1.2.). As emphasized earlier, the data generated using
these slags have a high uncertainty associated with them and will be excluded
from further analysis or use in this study.

5.3. The flow of liquid slag through coke/coke analogue packed bed
The primary purpose of the packed bed set of experiments was to understand
the flow through a packed bed and to quantify its effect on the liquid holdup and
liquid residence time of key variables such as the packing density, temperature,
the type and content of coke analogue ash, and bed pre-irrigation. Supply-drain
curves were generated to obtain the measurements of liquid holdup and gave
an insight into the behaviour of liquid flowing through the bed.
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The packed bed experiment was designed to simulate the lower zone of the
blast furnace. The complexity of the lower zone where liquid slag and iron, and
coke and gas interact simultaneously makes it necessary to simplify the
simulation to be able to control the variables and understand the flow
phenomena. Accordingly, the system was reduced to slag flowing through a
stationary coke/coke analogue packed bed without a counter current gas flow.

Scaling the blast furnace down into a laboratory scale reactor involved
considerable modification of the flow parameters. To test how well the
experiments corresponded to a full size blast furnace, the dimensionless
numbers for slag flow (equations 2.32 – 2.35 described in detail in Chapter 2)
for the packed bed experiments were calculated for all runs. The dimensionless
numbers of flow were then compared to industrial blast furnace data [14, 19,
112] and to high temperature experiments from the literature [19], as given in
Table 5.4. To a large extent the calculated ranges matched the high
temperature experimental data generated by Husslage [19], and were broadly
within the same order of magnitude of the blast furnace numbers.

Table 5.4 Comparison between the flow dimensionless numbers calculated
from the packed bed experiment, blast furnace industrial data and other high
temperature experiments reported in the literature.
Packed bed
Husslage
Industrial blast
Dimensionless
experiment
laboratory
furnace data [14,
number
(this study)
experiment [19]
19, 112]
Modified Reynolds
0.001 - 0.002
0.003 – 0.004
0.007 – 0.017
Number, Rem
Modified Galileo
Number, Gam*10-4

0.06 – 0.30

0.039 – 0.11

0.36 - 8.3

Modified Capillary
number, Cpm

2.9 – 13.4

5 – 27

15 – 119

Dimensionless
interfacial force
Number, Ne

0.47 - 1.91

-

0.06-0.74
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The variables used to calculate the dimensionless numbers evaluated for the
experimental runs are detailed in Table 5.5.

There was some variation in the estimated average particle size and packing
density between those measured by the experimental determination methods
and those resulting from the image analysis. An image analysis is expected to
estimate lower average particle sizes than sieved values due to the limited
number of sections cutting though the maximum cross section of the particle
[13]. It could also be argued that for the packing density (also see Figure 4.49),
the difference was due to the limited number of analysed bed sections which
reduced the probability of the sections cutting through particles of coke [13, 81].
The number of sections through the bed was limited by the thickness of the
blade and the ease of handling the sliced sections.
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Table 5.5 Experimental variables used to calculate the dimensionless flow
numbers – sources and values.
Variable
Average particle
size(dp, m)
Particle sphericity
(Φ, -)
Liquid slag
viscosity (µ, Pa.s)
Liquid slag
surface tension
(σ, N/m)
Liquid slag
density (ρ,
kg/m3)
Packing density
(ρB, -)

Source
Values
Experimental particle sizing
Image analysis (average particle
by sieving
equivalent diameter)*
0.009
0.007
Image analysis of post experiment bed sections**
0.62 – 0.65
Calculated by “Riboud” model [133]
0.154 – 0.264
Calculated by “Surten” model - Slag model [129]
0.479 – 0.494
Calculated by “KCM” model - Slag model [129]
2648.7 – 2675.1
Experimental weight and
volume measurements

Image analysis of cooled down
bed sections

0.50, 0.55, 0.60, 0.65
Bed voidage (ε, -)
Bed temperature
(T, °C)
Contact Angle
between liquid
slag and coke
(θ, °)
Liquid superficial
velocity across
the bed( ul, m/s)

0.47, 0.49, 0.54, 0.60
ε = 1 - ρB

0.50, 0.45, 0.40, 0.35
0.53, 0.51, 0.46, 0.40
Experimental control
1500, 1550, 1600
Experimentally measured dynamic contact angle using sessile
drop technique
10 - 122.3
Experimentally determined
slag feeding rate***
1.05x10-5

From the slag drain curve based
on the steady state section of the
curve
7.03x10-6 – 1.72x10-5

*Equivalent diameter of a circle with the same area as the 2-D projection of the
particle projected area.
** Taken as the average 2-D circularity defined by the ratio of the perimeter
squared to the projected area times 4π. (
⁄
where A is the projected area of the particle and P is its perimeter [159].
***
The liquid flow through laboratory scaled randomly packed beds is of a
distributive nature where the localised phenomena (the flow through single pore
necks) may affect the consistency of the overall results, even under the same
experimental conditions. The experimental repeats carried out under the same
parameters for flow through the dry beds (3 repeats) and the pre-irrigated beds

201

(2 repeats) reflected the heterogeneity of the flow and the scattered results. The
standard deviations for liquid holdup and the average residence time of the
measured values are given in Table 5.6. The consistency in the static holdup
was greater in the case of the pre-irrigated bed.
Table 5.6 Average values and standard deviations of the Hs, Hd and ART results
of repeated experiments for the cases of dry and pre-irrigated beds.
Dry beds case
Pre-irrigated beds case
Parameter
Average
Std. Dev.
Average
Std. Dev.
Hs,%

7.1

±0.9 (13%)

12.5

± 0.8 (6%)

Hd,%

6.9

±1.1 (15%)

4.9

± 0.7 (14%)

ART, min

19.5

±3.4 (17%)

6.9

± 1.8 (26%)

These values represent the base values that the experimental variables will be
assessed against.

5.3.1. Discussion of the characterised liquid holdup and liquid
residence time
It was shown from the results of liquid holdup and liquid residence time (Figures
4.20 to 4.34) that the ranges of the static and dynamic liquid holdup in this study
given in Table 5.7 were generally consistent with the high temperature
experimental values (4-13% for Hs and 0-14% for Hd) [16, 19] available, but
were generally higher than the experimental values (0 - 6 % for Hs and 0 - 4.5%
for Hd) [14, 19, 87, 103, 107] (see table 2.7) at room temperature.
Table 5.7 A comparison of the results obtained for Hs and Hd for all the
experimental runs.
Holdup
Minimum
Maximum
Average
Hs,%
5.6
13.1
7.7
Hd,%

1.8

10.2

6.1

In the following sub-sections, the mathematical expressions of liquid holdup in
terms of the dimensionless flow numbers developed by Fukutake [14] and
Sugiyama [115] will be utilised to assess the effect of changing the single
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variable of bed packing density (Section 5.3.1.1), the temperature of the bed
(Section 5.3.1.2), and the wettability of the slag-coke (Section 5.3.1.4).

5.3.1.1. Effect of the bed packing density on the flow of slag through
a packed bed
A comparison between the flow patterns for different bed packing densities is
given in Figure 5.16. At a packing density of 68%, the bed was blocked after
40% of the supply of slag had passed through.

Fig. 5.16 A comparison between slag drain curves for different bed packing
densities. Slag: C – Bed: coke analogue-CA6 (4.4%) –Temperature: 1500°C.

For all other variables being equal, increasing the bed packing density did not
stabilise the trend in the static holdup, which may have showed an increase up
to a packing density of 60%, and then plateaued or even decreased (see
Figures 4.35 and 5.16). The dynamic holdup, however, showed an increasing
trend with increasing bed packing density (see Figure 4.35). The total holdup,
as a result of the combined effect of static and dynamic holdup, increased with
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the packing density. The dynamic holdup depends on the time taken by the
liquid to flow through the bed after the supply has stopped. This time relates to
the ART which in turn increased with packing density (see Figure 4.36 and
5.16).

To compare the effect of packing density on liquid holdup, the mathematical
formulae by both Fukutake [14] and Sugiyama [115] for Hs (equations 2.36 and
2.39 respectively) and for Hd (equations 2.37 and 2.40 respectively) were
applied with the experimental data from this study for the effect of packing
density. The current observations were consistent with Sugiyama‟s formula for
Hs and Hd, as increasing the packing density resulted in a decrease in Hs and an
increase in Hd. Fukutake‟s formula for Hd showed an increasing trend with an
increase in packing density (consistent with the current observations). However,
Fukutake‟s formula for Hs showed an increasing trend with an increase in
packing density (this was opposite to both Sugiyama‟s formula and the current
observations). The difference in the response of the mathematical model to
packing density is difficult to analyse with fundamental flow characteristics
because both models were empirically formulated.
To understand the effect of the increase in packing density on both ART and Hd,
the effect of packing density on pore neck size should be considered.
Increasing the packing density resulted in a decrease in the average pore neck
size as verified by the image analysis of the bed (see Figure 4.48). This caused
the ART to increase in two different ways, depending on the wettability of the
system. In a non-wetting system, as some of the slag-coke/coke analogue
systems were at the beginning of the flow, the effect of a smaller size pore neck
was to increase the liquid head needed to enter a pore, as indicated in equation
2.29,

It can be seen that h and d are inversely proportional and therefore the time
needed to build the necessary liquid head for slag to flow will increase as the
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size of the pore neck decreases with increasing packing density, increasing
ART and accordingly Hd.

On the other hand, while the system‟s wettability has been shown to increase
with time due to a reaction taking place (see Figures 4.8 and 4.9), this leads to
the liquid being able to penetrate the neck of a pore. This penetration increases
as the neck decreases in size, as described by equation 5.1,

and eventually the liquid will enter a pore. The system‟s enhanced wettability
has a double action capillary effect on the flow system; while it facilitates the
flow of liquid into a bed pore, it also tends to keep the liquid in contact with a
pore and the surface of the neck. For the flow to continue, the liquid must exit a
pore and enter another though a pore neck. For this to occur, the wetting liquid
must be pushed out of a pore through a pore neck. For a higher packing density
(accordingly a smaller pore neck) a higher liquid hydrostatic head is needed.
The time required for the required liquid head to build up leads to an increase in
ART and accordingly Hd.

At the maximum packing density tested (68%), the bed was blocked after only
40% of the slag had passed through. At this packing density the results of an
image analysis showed that the average size pore neck was 1.2 mm and the
percentage of pore necks > 4.4 mm were less than 0.2%, i.e. very few pore
necks were large enough to sustain a continuous flow. This observation was
consistent with Husslage [19] who reported that a similar slag did not flow
through a coke bed with an average size pore neck of less than 1.46 mm.

It is not clear why the flow stopped, in the case of 68% packing density, after a
certain amount of slag had already passed through the bed. An inspection of
the bed after the experiment revealed that a 3 cm high slag bath had
accumulated on top of the bed. It might be possible that this amount of
accumulated slag distorted the temperature profile of the furnace (see Figure
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3.20) and decreased the temperature at the top part of the bed, including the
slag bath to near or below the slag liquidus temperature. This might dramatically
alter the properties of slag flow and cause the flow to cease.

5.3.1.2. Effect of bed temperature on the flow of slag through a
packed bed.
The comparison between the drain curves of slag for different bed temperature
is given in Figure 5.17.

Fig. 5.17 A comparison between the drain curves of slag for different bed
temperatures. Slag: C – Bed: coke analogue-CA6 (4.4%) - packing density:
55%.
For all other variables being equal, increasing the temperature of the bed
resulted in a decrease in the static and dynamic holdup (see Figure 4.37), and
in the ART (see Figures 4.38 and 5.17).

This result can be discussed in view of the increase in the fluidity of slag with
increasing temperature in terms of lower viscosity and surface tension, as
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calculated by the Riboud model [133] and NPL slags model [129] respectively,
and given in Figure 5.18.

Fig. 5.18 The change of viscosity of slag C (calculated by Reboud model [133])
and surface tension (calculated by the NPL slag model [129]) with temperature.
The effect of the surface tension and viscosity of slag on Hs and Hd was
considered in the mathematical formulae for Hs (equations 2.36 and 2.39
respectively) and for Hd (equations 2.37 and 2.40 respectively) by both
Fukutake [14] and Sugiyama [115]. These formulae predicted that a lower Hs
and Hd will occur as the surface tension and viscosity of the slag decreases.
This prediction was consistent with the experimental results.

5.3.1.3 Effect of bed pre-irrigation on the flow of slag through a
packed bed
Figure 5.19 illustrates a comparison between the drain curves of the preirrigated bed and the cases with dry beds. The plotted curves represent the
average of two repeats for the pre-irrigated bed and the average of three
repeats for the dry bed.
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Fig. 5.19 A comparison of the supply and drain curves of a pre-irrigated bed and
a dry bed. Slag: C – Bed: coke analogue-CA6 (4.4%) – Packing density: 55%Temperature:1500°C.
For all other variables being equal, two primary differences can be seen
regarding the supply-drain curve of a pre-irrigated bed versus a dry bed:


The drain curve of the pre-irrigated bed is smoother than the dry bed.



The drain start time (ts) and the average residence time (ART) are shorter
in the pre-irrigated bed than the dry bed.



Bed pre-irrigation was associated with an increase in the total static
holdup and a decrease in dynamic holdup and ART (Figures 4.41, 4.42
respectively).

These observations indicated a change in the flow behaviour due to pre-wetting
particles of coke analogue by the flow of pre-irrigated slag. A discussion of
these changes can be summarised as follows:


Evidence of the change in flow pattern due to the flow of slag (as the flow
time increased) can be seen in the results of many dry bed experiments
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(see Figures 4.20 (b), 4.21 (b), 4.22 (b), 4.23 (b), 4.24 (b), 4.25 (b), 4.26
(b), 4.30 (b)). The drain start time (ts) was generally greater than the ART
and the shape of the drain curve changed from a stochastic pattern (big
steps) to a smoother pattern (smaller steps) after a certain time of flow
had elapsed.


An interfacial reaction developed from contact between the liquid slag
and coke (see Figure 4.43- 4.46); this reaction lowered the slag-coke
contact angle and increased the accessibility of slag to narrow pore
necks. This will lead to an increase in the number of available flow
channels through a packed bed.



There is evidence that slag flow may increase the sphericity of the
particles of coke and the size of the pore necks (see Figures 4.51 and
4.52) as a result of corrosion of the sharp edges of coke particles and
widening of the pore necks. This will be discussed in detail in Section
5.3.2.1.



Bed pre-irrigation causes the particles of coke to be pre-wetted by liquid
slag before the slag is added. This will cause the above actions to be
developed quite well by the time the slag is added.



The combination of a lower slag-coke analogue contact angle and
increase in the accessibility of slag into the

pore necks due to an

increase in their size, decreases the head of slag necessary to drive slag
in and out of the bed pores through the pore necks. This will lead to a
lower ART (this is opposite to the effect of increasing packing density
discussed in Section 5.3.1.1).


An increase in the total static holdup in a pre-irrigated bed can be
attributed to an increase of the number of bed pores visited by the slag
during pre-irrigation (compared to the dry bed case), thus resulting in
more possible sites of slag to holdup. This is because the method by
which the bed was pre-irrigated (see Section 3.3.6) where the slag was
introduced to every possible pore formed prior to the experiment. This
was achieved by the lubrication between fine slag particles provided by
the slurry and the vibration applied during impregnating the packed bed
with slag particles.
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5.3.1.4. Effect of slag-coke wettability on slag flow through the
packed bed

In the packed bed experiments, one composition of slag was used and four
types of carbonaceous packing materials were tested. The effect of the type ash
and its mass content in a coke analogue were presented for holdup and ART in
Figures 4.39 and 4.40 respectively. In this section the effect of the wettability of
the slag-coke analogue will be discussed in terms of their contact angle. This
analysis will consider only three types of coke analogue to simplify the
comparison. Since the wettability of the slag-coke analogue was measured at
the experimental conditions, it is possible to relate the liquid holdup to the
contact angle of the system. As the tested systems showed dynamic wettability
(see Figures 5.10, 5.12), three values of the contact angle measured after 0, 30,
and 60 minutes after the experiment started (values at 90 minutes have too little
variation for comparison) were used to relate θ to liquid holdup and ART as
given in Figure 5.20. In order to isolate the effect of the contact angle on holdup
and ART, the results presented in Figure 5.20 are for packed beds of coke
analogue, with the same packing density (55%) at a temperature of 1500°C.
The data included coke analogues of ash CA6 (4.4%, 12%) and MM (12%).

From Figure 5.20 it can be seen that although there was a significant scatter in
the data, an increase in the slag-coke analogue contact angle (θ) resulted in an
increase in Hs, Hd and ART. This effect was consistent every time that θ was
measured. In the flow through a packed bed with a dynamically changing
contact angle, it was convenient to seek a single value of contact angle that
could effectively be related to the flow parameters. For this reason the contact
angle measured at times that corresponded to the ART (which corresponded to
the time of contact between the slag and the bed) was used in the mathematical
relationships with holdup and residence time results. The slag-coke contact
angle (measured at ART in each case) was plotted against the static, dynamic,
and total holdup, and against ART as given in Figure 5.21. Both the liquid holdup
and residence time showed an increasing trend with an increase in the contact
angle.

210

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.20 Liquid holdup and ART plotted against the slag-coke analogue contact
angle measured at 1500°C after 0, 30, and 60 minutes. Packing density: 55%.
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(a)

(b)
Fig. 5.21 (a) liquid holdup and (b) ART plotted against the slag-coke analogue
contact angle measured at 1500°C at ART. Packing density: 55%.
Figures 5.20 and 5.21 show that an increase in the slag-coke analogue contact
angel (θ) will result in an increase in the static and dynamic holdup, and in the
ART. The mathematical formulae of Fukutake [14] and Sugiyama [115] for Hs
(equations 2.36 and 2.39 respectively) and for Hd (equations 2.37 and 2.40
respectively) were tested for the effect of θ. Sugiyama‟s formulae were found to
be generally consistent with the current observations because they showed an
increasing trend in Hs and Hd with an increasing θ. The effect was stronger
where θ >90°. Fukutake‟s formulae for both Hs and Hd gave opposite results to
Sugiyama‟s formulae and the current observations because it showed a slight
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decreasing effect in both Hs and Hd with increasing values of θ at θ <90°. This
effect was stronger at (θ >90°).

5.3.1.5. Effect of ash content in the coke analogue on slag flow
through the packed bed
The effect of the contact angle on holdup and ART discussed in Section 5.3.1.4
and its sensitivity to the ash content in the coke analogue (see Figures 5.10 and
5.12) lead to studying the effect of the content of ash on these parameters. In
the packed bed experiments, two levels of the mass content of ash were tested:
4.4% and 12% at a fixed slag type and other experimental conditions. Figures
5.22 and 5.23 illustrate the variation of the liquid holdup and ART with the ash
content in coke analogue-CA6 respectively. The data reported were an average
of 3 runs for 4.4 % content of ash and one run for 12 % content.

It can

generally be observed that an increase in the content of ash resulted in a
decrease in Ht that was mostly due to the decrease in Hs (Hd did not show
significant change with the ash content) and a decrease in ART. While the data
sets were limited, they were consistent with the findings of the measurements of
dynamic wetting. The measurements of the slag-coke wetting angle showed a
decreasing trend with increasing ash content (see Figure 5.10 and 5.12).
Accordingly, the content of ash in a coke analogue will reduce the contact angle
with liquid slag and reduce the capillary repulsion force that acts against the
weight of slag in pore-to-pore flow.
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Fig. 5.22 Static and dynamic liquid holdup plotted against the ash mass content
in the coke analogue packing particles.- Slag: C – coke analogue-CA6 Packing density: 55% Temperature: 1500°C.

Fig. 5.23 Liquid residence time plotted against the ash mass content in the coke
analogue packing particles.- Slag: C – coke analogue-CA6 - Packing density:
55% Temperature: 1500°C.
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5.3.2. Image analysis of reacted and unreacted beds
The results of the image analysis of the post experimental bed sections
included five different packing densities. Furthermore, an additional sectioned
bed of an experiment that was carried out to assess the effect of heating during
the experiments on the coke bed in the absence of a slag. These results are
given in Figures 4.47 to 4.52 while the full set of images is provided in
Appendix IV. It was shown that the packing parameters of pore size, pore neck
size, and sphericity of the particles of coke were all of a distributed nature. The
packing parameters for the fixed particle size range used to pack all beds (8.010.0 mm), were generally dependent on the bed packing density.

5.3.2.1. General discussion of the results of the image analysis
The ability to visually inspect the progressive sections throughout the packed
beds provided by the image analysis gave a significant insight into the patterns
and behaviour of slag flowing through the bed. Some of the observations about
the positions and quantities of the trapped slag between particles of coke (the
static holdup) and their implications are:
•

The static holdup slag was generally well distributed and varied laterally
in position between different sections. Slag might have experienced
channelling flow behaviour while trickling through the bed.

•

No preferential tendency for the slag position to be related to the bed wall
was observed. This provides evidence that the flow was not influenced
by any significant wall effect.

•

The sphericity of the coke analogue used (0.62 – 0.65 as given in Table
5.5) was generally low compared to that given for industry in the
literature (average of 0.8 [14, 67, 68, 77, 93, 160]) and to that measured
for the coke used in high temperature experiments (0.70 - 0.82 [19]). The
difference might be attributed to:
1- The shape of the initial coke analogue cylindrical shaped pieces (18
mm in diameter by approximately 45 mm long) that the packing
particles were crushed from compared to the irregularly shaped
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lumps of industrial feed coke. This resulted in more elongated shaped
particles,
2- Particles of coke in the lower zone of the blast furnace experience
chemical reactions, mechanical erosion, and abrasion [7, 38], which
remove sharp edges and increase their roundness.
3- In the experimental data available in the literature [19], particles of
coke were passed through a tumbling process before being used as
a packing material.

The sphericity of the bed particles and the average size pore neck increased as
a result of the flow of slag through the packed bed experiments (Figures 4.51
and 4.52). The combined effect of flow on sphericity of the particles and size of
the pore necks is shown schematically in Figure 5.24. A change in the
roundness of the coke could be a result of mechanical abrasion as in the case
of feed coke while descending through the blast furnace zones [7, 38], or the of
consumption of the coke by chemical reaction. In a stationary packed bed (as
used in the current study), mechanical abrasion is unlikely to occur. An SEM
and EDS analysis of the interface between the static holdup of slag and coke
revealed evidence of a chemical reaction (see Figures 4.43 – 4.46 and tables
4.8 – 4.11) between the slag and bed particles which may explain the change in
sphericity and pore neck size. That being the case, it would also explain the
change in the drain curves of slag discussed in Section 5.3.1.3, where the
steps in the slag drain curve become smoother as the time of slag flow through
the packed beds increases and more slag flows through the bed.
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Coke
particle
particle

Inter-particles
neck

(Before slag flow)

(After slag flow)

Fig. 5.24 A schematic illustration of the change in the roundness of coke
particles and size of the pore neck due to slag flow.

An image analysis was used to estimate the static holdup after experiments by
measuring the average of the area fraction of the trapped slag in the multiple
sections of the beds. The results were compared to the static holdup values
obtained from the difference in bed weight before and after the experiments, as
given in Figure 5.25. Generally, there was good agreement between the static
holdup values characterised by the bed weight method and by the image
analysis.

Fig. 5.25 A Comparison of the static holdup estimated by bed weight method
and by image analysis method for different packing densities.
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The values of bed packing density characterised before and after the flow of
slag by image analysis for a packing density of 55% (see Figure 4.50) showed
there was no significant change in the packing density as a result of this flow, i.e
the packing density remained constant. The increase in particle sphericity after
slag flow from 0.57 to 0.61 (see Figure 4.51) raises the question of whether this
would result in a decrease in the packing density of a bed. This hypothesis
however, assumes no relative movement of particles of coke during slag flow
that might lead to a re-compaction of the bed. Although there was no evidence
of a change in the height of the bed after the experiments, the scale of bed
dimensions makes it hard to assess any variations in its volume.

5.3.2.2. Characterisation of the pattern of slag flow using image
analysis
In a packed bed the liquid slag flows into a pore through its neck which
interconnects it with other pores. The results of the single channel experiments
indicated that under experimental conditions, a liquid slag with about a 10 mm
hydrostatic head would not pass through channels of coke smaller than 4.4 mm
for a short residence time. In the pore-to-pore flow, and assuming that the
active pores were filled with liquid, a rough estimation of the liquid hydrostatic
head could be taken as the average pore size.

A summary of pore size, pore neck size and particle shape data measured by
image analysis is given in Table 5.8. These data could be used to understand
the flow of liquid slag by defining the percentage of pore necks that have sizes ≥
4.4 mm. This value was based on the single channel experiments. As discussed
in Section 5.1.1, slag may flow through channels with smaller diameters than
this as a result of slag-coke interfacial reactions causing changes in the slagcoke contact angle, but this takes time, and therefore smaller size pore necks
(≥3.0 mm and ≥2.0 mm) were used to assess the effect of time on the possible
flow channels within the bed.
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Table 5.8 Summary of the average bed packing properties obtained from image
analysis of the cooled down beds.
Nominal
Packing
density

Coke
particle
sphericity*

Pore
size,
mm

Pore
neck
size, mm

Percentage
of pore
necks ≥4.4
mm

Percentage
of pore
necks ≥3.0
mm

Percentage
of pore
necks ≥2.0
mm

50%

0.62

6.3

2.4

9.1%

26.7%

53.0%

55%

0.60

4.8

2.1

6.8%

20.4%

45.1%

60%

0.59

4.5

1.6

2.7%

8.5%

24.9%

65%

0.63

4.1

1.4

0.9%

5.4%

21.1%

68%

0.68

3.3

1.2

0.2%

2.2%

11.9%

*The sphericity was estimated as the ratio of the surface area of a circle to the
surface of the particle with the same circumference.

The time dependency of the flow of slag through the pore necks could affect its
flow through the packed bed experiments. At the early stages of flow (first 30
minutes), the liquid slag could have passed through a limited number of bed
pores with necks ≥ 4.4mm. This fraction varied from about 9.1% at a packing
density of 50% to 0.20% at a packing density of 68%. This low percentage in
the case of 68% packing density may have been a factor why the flow stopped
after only 40% of the slag had passed through the bed. As time passed, liquid
slag would be able to flow through narrower pore necks, thus increasing the
number of flow channels the slag can access. The data of pore neck size in
Table 5.8 were plotted against the bed packing density given in Figure 5.26.
The plot shows that the percentage of critical pore neck sizes decreased with
an increasing packing density, hence increasing the time needed for the slag to
pass through these necks. This analysis is consistent with the finding of the
packed bed experiment where the ART increased with packing density (Figure
4.36).
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Fig. 5.26 The variation of the estimated pore neck size percentage by image
analysis plotted against bed packing density.

5.4. Comparison of the experimental results with room temperature
based mathematical models
In Section 2.4.1.2 mathematical models that predicted the liquid holdup in
packed beds were discussed. These models were constructed using the
dimensionless flow numbers (Rem, Cpm, Gam, Ne) and results from the packed
bed

experiments

conducted

at

room

temperature.

In

this work the

dimensionless numbers were calculated for all the experimental runs (see Table
5.4). The experimental data (packing density, slag-coke analogue contact
angle, temperature) are summarised in Table 5.5. Using the models for static
and dynamic holdup developed by Fukutake [14], Chew [75] and Sugiyama
[115], the values were calculated and compared with the experimentally
measured static and dynamic holdup (see Figures 5.27, 5.28).

Full details of the models are given in the literature review (Section 2.4.1.2) for
equation numbers 2.36, 2.38, 2.39, 2.37, and 2.40 and are listed as follows,

For the static hold up the formulae used are:
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Hs 

1
20.5  0.263.C Pm

Fukutake, 1982 [14]

Hs 

1
21  0.305.C Pm

Chew, 1999 [75]

Gam0.0254
H s  0.0194 0.0044
Cp m

Sugiyama,1987 [115]

For the dynamic hold up the formulae used are:

H d  6.05 Re 0m.648 .Gam0.485.Cpm (1  cos  )

0.097

H d  8.122 Re

0.581
m

Cpm0.298
Gam0.482

N e0.648

Fukutake, 1982 [14]

Sugiyama,1987 [115]

Fig. 5.27 Calculated static hold up by three cold models plotted versus the
experimentally determined values for each run. The solid line represents a 1 to
1 correspondence of the calculated and measured data.
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Fig. 5.28 Calculated dynamic hold up by two cold models plotted versus the
experimentally determined values for each run. The solid line represents a 1 to
1 correspondence of the calculated and measured data.
The static and dynamic liquid holdup values determined from the packed bed
experiments were generally higher than the values predicted by the models.
Figures 5.27 and 5.28 show there were no obvious correlations between the
experimental results and the models predictions. This might indicate that the
holdup models based on experiments at room temperature do not describe the
flow in the current hot experiments adequately. This finding is consistent with
Husslage‟s study [18, 19] when the holdup results of the high temperature
experiments were compared to the predictions of these models. Specifically,
Husslage stated that the experimentally measured static holdup for slag and
metal at 1400-1600°C was much higher than the calculation using Fukutake
and Sugiyama models [21] (see Figure 5.29). Husslage attributed the inability of
the cold models to describe the hot experiments to the fact that the models did
not account for the distributive nature of bed properties such as pore size,
particle size, and sphericity. In addition, these models failed to address the
changing nature of the liquid-solid wetting behaviour that resulted from the
chemical reactions involved and the lack of bed irrigation [18, 19]. This
conclusion seems applicable to the deviations between the results of the current
experiments and predictions by the mathematical models.
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Static holdup calculated (%)

Static holdup measured
O Hs [ref Fukutake] X Hs [ref Sugiyama]

+ Hs [ref Niwa]

Fig. 5.29 Comparison of determined static holdup in Husslage‟ high temperature
experiments with predictions of room temperature based models [21]. Due to
the poor original quality of this diagram, some of the text has been modified to
improve its legibility.
Husslage [19] also commented that the lack of bed irrigation in the hot runs may
be a cause of model inapplicability. This may have been minimised during the
pre-irrigated bed run carried out in this project, although the results showed
rather more deviation from the model predictions when Hs showed a further
increase when the bed was pre-irrigated (see Figure 4.41).
In Figures 5.27 and 5.28, the contact angle of the slag-coke analogue for each
experiment was estimated at the average liquid residence time (ART) of each
individual run as an estimation of the average slag-coke contact time. To
address the effect of a change in the slag-coke analogue contact angle (θ) with
time, the values for θ at 0 minutes, ART and 90 minutes were applied in the
holdup models and presented in Figure 5.30 and 5.31 for the static and the
dynamic holdups respectively. For the static holdup, only Fukutake‟s [14] and
Sugiyama‟s [115] were used because Chew‟s [75] and Fukutake‟s were similar
and based on the same mathematical form.
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Fig. 5.30 Calculated static hold up by two cold-based models plotted versus the
experimentally determined values for each run for three values of contact
angles estimated at 0 min, at ART and at 90 min respectively. The solid line
represents a 1 to 1 correspondence of the calculated and measured data.

Fig. 5.31 Calculated dynamic hold up by two cold-based models plotted versus
the experimentally determined values for each run for three values of contact
angles estimated at 0 min, at ART and at 90 min respectively. The solid line
represents a 1 to 1 correspondence of the calculated and measured data.
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These plots showed little difference in the compatibility of the models to the
experimental results, i.e. the inferred time through using a changing θ did not
improve or change the prediction very much.

While it would seem from Fukutake [14] and Sugiyama‟s [115] models that it is
not possible to predict the liquid holdup of the packed bed experiments, they did
offer some predictability of the effect of changes in single variables on trends in
results in Sections 5.3.1.1, 5.3.1.2 and 5.3.1.4 for bed packing density, bed
temperature, and slag-coke wettability respectively.

5.4.1. Applying the experimental conditions to modify the current
mathematical models
Despite the limitations presented earlier, it is not fully understood why these
“cold” temperature relations for Hs and Hd do not fit the experiments conducted
at high temperature. However, these models do offer a useful approach for
correlating Hs and Hd with the physical and flow properties of slag flowing
through a packed bed using dimensionless numbers. As such the following
approach was undertaken for the Fukutake et al. [14] and Sugiyama et al. [115]
models of Hs and Hd. Chew‟s [75] model was not used because it is similar to
Fukutake [14].

A deviation function was defined (V) as given in equation 5.4. The calculated
holdup is as defined in equations 5.5 to 5.8. Equation 5.4 represents a function
that can be minimised by changing the values (a, b, c, d, e) in equations 5.5 to
5.8 (not all equations require values for a to e). This minimisation was
calculated using the quasi-Newton approach of the solver function found in the
Microsoft © Excel spread sheet software [161]. The property values used in the
modified model calculations were those given in Table 5.5.
∑√

(5.4)
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The generic equation for Hs (Fukutake) is

(5.5)

The generic equation for Hs (Sugiyama) is

(5.6)

The generic equation for Hd (Fukutake) is

(5.7)

The generic equation for Hd (Sugiyama) is

(5.8)

The modified equations obtained are given in equations 5.9 to 5.12.

Modified Fukutake equation for static holdup:

(5.9)

Modified Sugiyama equation for static holdup:

(5.10)

Modified Fukutake equation for dynamic holdup:

(5.11)
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Modified Sugiyama equation for dynamic holdup:

(5.12)

The change in the sign of the exponent of Ne in Equation 5.11 compared to the
original Fukutake formula for dynamic holdup (Equation 2.37) from positive to
negative could be recognised as a key indicator of a change in regime from one
where a non-wetting flow is facilitated when the pore necks are large, to one
where blockade may occur. This would be a critical transition in a packed bed
and highly dependent on particle size.

The fits given in equations 5.9 to 5.12 are shown as plots in Figure 5.32 and
5.33.
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Fig. 5.32 A plot of the calculated static holdup by modified Fukutake and
Sugiyama equations versus experiments. The solid line represents a 1 to 1
correspondence of the calculated and measured data.

Fig. 5.33 A plot of the calculated dynamic holdup by modified Fukutake and
Sugiyama equations versus experiments. The solid line represents a 1 to 1
correspondence of the calculated and measured data.
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Figures 5.32 and 5.33 show that both modified predictions of Hs and Hd are not
scattered around the experimental results as much as the original formulae (see
Figures 5.27 and 5.28). The formulae for Hd, however, showed a better fit for the
experimental data than the formulae for Hs. The latter showed little response to
increases of Hs. of the experimental results.

The modified relations obtained are offered purely as empirical fits of the data to
the experimental results. They may be of some use in any future work.

The results for the static holdup formulae fitted well over a narrow range of
approximately 6 – 8% Hs but do not represent the high Hs experimental values.
To test the static formulae (equations 5.9 and 5.10) which are based on Cpm and
Gam (equations 2.35 and 2.33 respectively) for a wider range of Hs, future hot
experiments could be designed where a significant variation in these two
dimensionless numbers could be targeted. This might be achieved by using
liquids with different density, viscosity, and surface tensions. Different
compositions of slag and liquid iron could be used for this purpose.

5.4.2. Applying the modified models on previous high temperature
experiment from literature
In order to test the applicability of the modified Fukutake and Sugiyama models
(equations 5.9 to 5.12) on similar high temperature experiments, the data
reported for the high temperature experiments of Husslage [19] were utilised.
Only data points where the experimental details allowed calculations of the
dimensionless flow numbers in equations 2.32 to 2.35 were used. The data
points used involved runs of two slags (CaO 36%, SiO2 42%, Al2O3 10%, MgO
12%) and (CaO 42%, SiO2 33%, Al2O3 13%, MgO 13%), two ranges of coke
sizes (8.0 – 10.0 mm and 10.0 – 11.1 mm), slag-coke contact angles of 105° to
117° and a superficial slag velocity between 0.9 x 10-5 m/s and 1.6 x 10-5 m/s.
In these runs the slag was fed through a screw feeder and the experiments
involved an upward stream of nitrogen of 0.5 l/min. A comparison between
Husslage‟s experimental data and the modified models are given in Figures
5.34 and 5.35.
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Fig. 5.34 Calculated static hold up by the modified cold- based models plotted
versus experimentally determined values from Husslage [19] high temperature
experiments.

Fig. 5.35 Calculated dynamic hold up
by the modified cold- based models
plotted versus experimentally determined values from Husslage [19] high
temperature experiments.
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Figures 5.34 and 5.35 show there was broad agreement between the measured
and predicted Hs and Hd. For the static and dynamic holdup, the Sugiyama
modified model showed a better fit than Fukutake‟s to Husslage measurements.
The experimental values for Hs were generally higher than the prediction.

It is not clear whether this deviation resulted from some unidentified
experimental or property parameter, or the fact that equations 5.5 to 5.8 were
fitted to a small set of data (a small number of experiments).

5.5 Experimental results in view of the lower zone of the blast
furnace
The output data of this project were produced in such a way that it can be
incorporated into computational models describing the flow and heat transfer of
liquid oxide through an experimental bed of coke. These data and models could
be applied using actual operating parameters and compared to plant/production
data for the lower zone of the blast furnace.


Main differences between the experiment and the lower zone of the
blast furnace
It was shown that the dimensionless flow numbers are broadly in the same
order of magnitude as the lower zone of the blast furnace (see Table 5.4),
although there were differences between the two cases due to the limitations of
the laboratory experiments in terms of experimental conditions and size. A
major difference in the experiment was the absence of an upward flow of gas
that plays a role in the resistance to liquid flow in addition to the gas-liquid and
gas-solid chemical reactions involved. Another major difference is the absence
of liquid iron. The attack of liquid iron to coke could be stronger than slag. This
behaviour directly effect on “Pore neck diameter” of coke bed. There were also
the differences in packing structure distribution resulting from scaling down the
blast furnace. This is a direct function of particle size (average of 9 mm in the
current study versus 35 mm in the dripping zone of the blast furnace [6, 38].
This implied that the permeability of the actual dripping zone was higher than
the experiment due to the greater average pore neck size. While the critical size
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of the pore neck derived from the single channel flow experiment of 4.4 mm
would be valid for cases with similar slags and cokes, in the lower zone of a
blast furnace with about 55% packing density, the fraction of pore necks ≥4.4
mm would be much greater than in the experimental programme. Accordingly,
the lower zone will be expected to have lower capillary pressure at pore necks,
less slag head accumulated on the pore necks, and a lower time threshold
needed for the slag to pass between the bed pores, compared to the
experiment. Also, it can be argued that in the lower zone, due to the relatively
large pore neck size, a lower dynamic holdup would be expected, as discussed
in Section 5.5.2.

In the deadman and bird nest zones in a blast furnace, due to the relatively
small size of the coke, the results of the current study may be more applicable
where the flow experiences smaller pore necks and possible blockade.

The experimental set up was designed as a stationary bed due to laboratory
limitations but the dripping zone moves slowly at a velocity of 4 -12 x10-4 m/s
due to the consumption of coke by combustion in the raceway, and dissolution
in the liquid iron in the hearth [6]. Moving bed particles may result in a
continuous release of the static holdup, and a de-compaction of the particles
increasing their permeability [19], hence leading to larger pore necks and less
liquid holdup.


The significance of the dynamic holdup

The dynamic holdup obtained in the current project was consistent with the high
temperature experiments of Takata et al. [16], but was generally higher than
that reported in other high temperature experiments [18, 19] and experiments at
room temperature [14, 19, 91, 103] (see table 2.7). It was also shown that it was
higher than the cold based mathematical models [14, 115]. The current results
indicate that the dynamic liquid holdup makes up a higher proportion of the total
holdup than previously estimated. This would lead to a higher total liquid holdup
in a packed bed. If this is the case, in the operational packed beds such as the
lower zone, holdup values that are higher than predicted previously might exist.

232

This would be applicable to the deadman zone where a high liquid holdup and
low temperature can exist.


Experimental bed pre-irrigation

One of the major differences between the packed bed experiments and the
dripping zone is the state of bed irrigation where the bed pores are wetted by
slag before and during the flow. The novel approach used in this study by preirrigating the bed in some runs, was a practical attempt to simulate the state of
bed irrigation early in the experiment to approximate the steady state flow
through an irrigated bed. The results of this approach appeared to be closer to
the blast furnace data compared to a dry bed. This was mainly in terms of less
liquid dynamic holdup, shorter liquid residence time, and smoother slag drain.
This is an area of research that could be developed further and should form part
of a future research stream.


The importance of wettability phenomena in both the experiment and
the blast furnace
Despite the inherent differences and their effects, the similarities between the
lower zone of the blast furnace and the experiments as they were designed
remain valid. These comprised the materials used (slag and coke/coke
analogue), the temperature range tested (1500-1600°C), and the dimensionless
flow numbers (Re, Cpm, Gam, Ne). In addition, the general agreement with the
trends of the mathematical formula of Sugiyama et al. [115] and, to a great
extent, Fukutake et al. [14] models of Hs and Hd with respect to the trends they
follow in response to changes in the packing density, temperature, and slagcoke wetting angle.

In this project, the slag-coke wettability was found to play a dominant role in
determining the critical coke passage dimensions, liquid slag flow pattern, Hs,
Hd and ART through a packed bed. As these phenomena were studied at the
level of pore-to-pore flow, their applicability to the general liquid slag through
coke beds as found in the blast furnace applies regardless of the variations of
the macro conditions of the packed bed.
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6. Conclusion
In the lower zone of an iron making blast furnace, liquid iron and oxides flow
counter current to the reducing gases through coke particles. The lower zone
approximates to a packed bed where liquids flow through its pores. The flow
phenomena of the liquids in this zone influence the permeability of the blast
furnace, and the performance and productivity of the furnace.

In this project a detailed investigation was conducted to study the flow
phenomena of liquid oxides through a reactive coke packed bed. The primary
focus of this project was to obtain a physical description of liquid flow through
the packed bed and to determine the flow parameters of the liquid, namely the
static, dynamic holdup, and the liquid residence time.

Three integrated high temperature experimental techniques were conducted to
study the flow of blast furnace type slag through a coke bed on the single pore
and macro levels of the bed. The slag was synthesised in compositions of the
CaO-SiO2-MgO-Al2O3 system. Synthetic coke (coke analogue) was the primary
packing material to minimise experimental uncertainties associated with the
heterogeneity of industrial coke and to control the mineralogy of the coke.
Industrial coke was also tested for comparison.

On the single pore level, the flow through a pore neck that inter-connects
packed bed pores was simulated by the flow of liquid slag through a single coke
channel. Slag pellets were melted at 1500°C for 30 minutes in a coke funnel
that has an exit channel with variable diameters.

It was revealed that interfacial phenomena plays a dominant role in governing
the flow of liquid slag through coke bed pores and that the flow behaviour is
time-dependant. Accordingly, a series of dynamic wetting measurement for the
tested systems were carried out using sessile drop techniques to assess the
contact angles at the key experimental conditions.
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On the macro level, the flow of liquid slag through a laboratory scale coke
packed bed was studied in experimental runs over a temperature range of
1500°C to 1600°C to characterise the flow pattern, the liquid holdup, and the
liquid residence time. A selection of the slags and coke/coke analogues used
earlier were utilised. The effect of the variations in the mineralogy of coke, its
bed packing density, temperature, and bed pre-irrigation could be tested and
analysed. Bed pre-irrigation was achieved using a novel approach by saturating
the coke bed with particles of slag before the experiments. An image analysis of
the sliced beds post experiments provided information on the pore size, pore
neck size, sphericity of the particles, and the fraction and distribution of the
static holdup of liquid slag.

The experimental work was further complemented by extensive SEM and SEMEDS analysis of the interface and the bulk of the slag and coke of samples from
the three experimental streams. Finally the results of the experimental holdup
were compared to the predictions made by available mathematical formulae
that are based on experiments conducted at room temperature.

The main

outcomes of the project are:

1. There is a minimum coke channel diameter needed to allow slag flow.
For the slag-coke systems tested, the minimum channel diameter was
either 4.4 or 5.0 mm at 30 minutes at temperature. The results were in
good agreement with previously reported graphite funnel exit diameter
and average pore neck size that blocked the flow of similar liquid slags.

The flow showed time-dependency where for some slag-coke systems,
the slag could flow through narrower channels when the experimental
time was extended at temperature. This could be explained in the light of
the time-dependent slag-coke/coke analogue wetting properties.

2. The time-dependency of the interfacial properties was confirmed by the
dynamic wetting measurements for the slag-coke systems tested at key
experimental conditions. It was revealed there was a decrease in the
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contact angle with time for most of the systems tested. Contact angles
varied from 132° to below 10° after 90 minutes at temperature.

3. Both industrial coke and coke analogue materials showed a decrease in
the contact angle of slag with time. For the same type of coke analogue
the contact angle decreased with the increase in slag v ratio and
decrease in the viscosity of slag. For the same slag, the contact
decreased with an increase in the content of ash in the coke analogue.
4. The change in the interfacial properties with time was confirmed through
SEM and EDS analysis of the interface between the slag and coke in the
three experimental streams. It revealed Si enrichments in areas in the
slag along the interface, indicating an interfacial chemical reaction
between the coke and the slag. It is likely that the Si enrichment was in
the form of SiC.

5. The static holdup (Hs) and dynamic holdup (Hd) and the average liquid
residence time (ART) of the slag flowing through a packed bed depended
on the packing density, temperature, slag-coke contact angle, and bed
pre-irrigation. An increase in packing density increased Hd and ART. An
increase in temperature decrease Hs, Hd and ART. An increase in slagcoke contact angle increased Hs , Hd and ART. The bed pre-irrigation
caused Hs, to increase and both Hd and ART to decrease. For all runs, Hs
varied in the range of 5.6-13.1%, Hd varied in the range of 1.8-10.2% and
ART varied in the range of 5-55 minutes.

6. The measured static holdup values were generally greater than the
dynamic holdup, but the dynamic holdup values were greater than the
literature figures for both room temperature and high temperature
experiments. This may indicate that the contribution of the dynamic
component in the total holdup in a reactive packed bed might be higher
than that reported in the literature.
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7. In the slag supply-drain curves of the packed bed experiments, the drain
start time was generally greater than ART. At the beginning of the flow
the drain curves started in stochastic big steps of alternating flow and noflow, but the steps became smaller and the curve became smoother as
time passed. In the case of the pre-irrigated bed, the shape of the drain
curve was smooth from the beginning because the particles of coke were
pre-wetted with slag before the slag was added.

The comparison

between an image analysis of beds before and after slag flow revealed
an increase in the sphericity of the coke particles due to interaction with
the flow of slag. This was associated with an increase in the pore neck
size which may explain why the drain curves became smoother towards
the end of the experiments.

8. An image analysis of the reacted beds revealed that the pore neck size
was of a distributive nature within the bed and varied significantly. In
general, less than 10% of pore necks were ≥ the critical pore neck sizes
as identified by the single channel flow experiment of 4.4mm. At the
beginning of the flow very limited pores within the bed experiences slag
flow. Due to the time-dependency of the flow, as the time passed, slag
could flow through narrower pore necks, irrigate more bed pores and
new flow passages become active.

9. The mathematical models based at room temperature that were available
in the literature for liquid holdup were applied to the packed bed
experimental conditions. The experimental results did not match the
predictions very well. The experimental data were used to modify the
parameters of the existing mathematical formula to best fit the
experimental results using a spread sheet error minimisation function.
The modified formulae obtained were validated using data of similar high
temperature experiments taken from the literature. The validation
showed broad agreement to the literature results.
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Appendix-I Control of Heating Furnaces
I.1 Furnaces temperature calibration
Two high temperature furnaces were used in this project. A thermal profile for
each furnace was established to determine the position and length of the stable
hot zone; it was taken as ±10°C for the vertical furnace and ±5°C for the
horizontal furnace due to the different size samples utilised in each furnace. The
thermal profile was measured using a type R thermocouple. The thermocouple
was progressively inserted into the middle of the tube in increments of 10mm,
(or extracted out of the tube in the case of the profile measure while the bed
setup exists inside the furnace), equi-distant from all walls of a hot stable
furnace. A period of 10 minutes was allowed for thermal stabilisation and then
the temperature recorded before the thermocouple was inserted further into the
furnace.
The temperature profiles for the high temperature furnaces used in the three
experiments are shown in Figures I.1 and I.2.
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Furnace Set Point 1550
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Fig. I.1 Thermal profile for vertical tube furnace used for single channel flow
and packed bed experiments. Furnace set point = 1550°C.
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Fig. I.2 Thermal profile for horizontal tube furnace used for dynamic wetting
measurement. Furnace set point = 1550°C.

The experimental temperature of the furnace was calibrated against its set point
temperature using a type R thermocouple and the same configuration inside the
furnace tube as used in the experimental setup (including the charge materials).
A thermocouple was placed into the hot zone of the furnace and the
temperature was stepped through a temperature range spanning the
experimental temperature range. At each point within the temperature range,
the furnace was left for 30 minutes to stabilise thermally, and record the
thermocouple reading.

Each furnace produced a linear response in experimental temperature to set
point temperature of the furnace. An example of such a relationship for the
vertical tube furnace was the coke analogue firing, single channel flow
experiment and the packed bed experiment, as presented in Figure I.3.
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Fig. I.3 Experimental temperature response to the set point temperature for the
vertical tube furnace.

I.2 Furnaces atmosphere control
During all high temperature experiments, the atmosphere in the furnaces was
an inert Ar atmosphere to minimise the effect of the oxidation of carbonaceous
materials involved. In all runs, after placing the samples in position in the
furnace, the furnace was sealed and a flow of argon was used to purge the
sealed system for 60 minutes before starting the heating cycle. A continuous
flow of argon at 0.5 L/min was maintained for the whole experimental period
and as the furnace cooled. The oxygen level in the furnace atmosphere was
minimised by passing high purity argon on a drierite column and through a
getting furnace at 300 °C containing Cu turnings prior to entering the furnace. A
schematic diagram illustrating argon purification before it entered the furnace is
given in Figure I.4.
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Ar gas
Purity
99.99%

Fig. I.4 A schematic of the purification system for argon before entering the
furnace.

Further measures were taken in each experiment to ensure the integrity of the
slag/coke systems as follows:


Single Channel Flow Experiment)

A large mass of graphite in the collecting crucible and the holder plate existed
within the hot zone close to the coke funnels so that the argon gas passed
through them before reaching the sample. The loss in weight of the graphite
pieces after an experiment was a maximum of 0.02%, indicating a high level of
atmospheric purity inside the furnace.


Dynamic Wetting measurement experiment

A 65 mm long graphite tubular spacer was placed in the hot zone of the furnace
so that the argon gas passed through it before reaching the sample. The loss in
weight of the spacer after an experiment was 0.06%.
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Packed Bed Experiment

In order to reduce the amount of atmospheric oxygen in the system it was
connected to a vacuum pump (JAVAC Pty. Ltd. Australia) to evacuate the air
and then sealed before being purged with argon. The valve connecting the
pump was left open until the pressure gauge between the pump and the system
read 10 torr, and then the vacuum valve was closed and argon was introduced
by slowly opening the inlet valve. This process was repeated three times before
the system was purged 60 minutes before heating.
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Appendix II – Preparing the coke analogue
II.1 Making a coke analogue
The green coke analogue was produced by mixing the “dry” materials (graphite
powders, hexamine, bakelite, calcium aluminate powders CAx), in an inverse
motion mixer for 1 hour [63].

A phenolic novolac resin solution was then added to the dry components, mixed
by hand until they were fully combined and then the mixture was kneaded for
approximately 30 minutes before being divided into approximately 20g lots.
Each 20g lot was then pressed into 19mm diameter by45-50mm long cylinder
inside a steel die.

The green coke analogues were cured in an industrial oven by heating them to
170 °C for 16 hours in air. The phenolic resins in the coke analogues were then
thermally decomposed by heating the now cured analogues in a high
temperature tube furnace at 20°C/min to 1600°C. The temperature was
maintained at 1600°C for 60 minutes before being cooled at 10°C/min. A
thermal decomposition of the coke analogues was performed under an inert
argon atmosphere, after which they cooled under Ar to room temperature.
The proportions of the different components used to prepare the coke analogue
samples are given in Table II.1
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Table II.1 Components used to produce coke analogue
Material

Purity

Size

Addition

Primary
Function(s)

Graphite Powder 1

99.99+%

< 45µm

28% of dry
base

Carbon
source

Graphite Powder 2

99.99+%

< 150µm

28% of dry
base

Carbon
source

Phenolic resin
(bakelite)

N/A

+100µm
-250µm

44% of dry
base

Liquid 45% Novolac
Resin in propylene
glycol

N/A

Ratio of 0.52
liquid / dry
mix

Binder
Porosity
control

hexamethylenetetram
ine (HTMA)

N/A

3 mass% of
liquid resin

Curing agent

Non carbonaceous
materials (CAx)

N/A

As
required

Porosity
control

As required

Mineral
matter

Dry base consists of graphite and bakelite powder.
Dry mix included dry base and any non-carbonaceous materials added.

II.2 Synthesis of calcium aluminates
A series of single phase calcium aluminates were produced for use in the coke
analogues. The method used to make these materials was based on the work
of Chapman [23, 63]. Materials used are detailed in Table II.2.

Table II.2 The base powders for calcium aluminate synthesis
Material

Alumina*

Calcium Carbonate

Chemical Formula

Al2O3

CaCO3

Molecular wt (g/mol)

101.96

100.09

Supplier

Sigma-Aldrich

Chem-Supply PTY LTD

Batch #

05213DE

(10)227239

Purity

>99.7%

99.0%

Particle size

<10µm

Not available
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The base powders Al2O3 and CaCO3 presented in Table II.2, were physically
mixed in the appropriate proportions to produce CA, CA2, and CA6. Calcium
carbonate was selected as the source material for the CaO over pure lime
because it thermally decomposes to lime at 900°C. Unlike lime, it does not
absorb moisture and can therefore be weighed more accurately [162, 163].

Intimate mixing of the base powders was achieved by mixing them with 500ml
of deionised water to produce slurry. The slurry was then filtered through a
75mm bucher funnel. The filter paper used was Filtech 2850-70, which is
equivalent to a Whatman #6 with approximately ≥ 3μm particle retention. The
filter cake(s) (mixed powders) were then dried in an oven at 110 °C for a period
of 24 hours.

The dried powders were processed in 70-80g lots. Distilled water was added to
achieve a nominal 4wt% moisture content before dividing the powders into 5-6g
lots for pressing. The 5-6g lots of powder were pressed in a 58mm x 5.5mm
steel die

at a pressure of 650kN. This produced a green block of between 8-

15mm depending on the material and the mass pressed.
The green calcium aluminates were fired in a muffle furnace in accordance with
the schedule shown in Figure II-1.

1400°C

900°C

Calcium
aluminates
Crushed to <38
µm and
pressed again
before second
firing

Fig. II.1 A schematic showing the firing schedule used for the synthesis of the
calcium aluminates.

255

Following the second firing step, the calcium aluminates were crushed in a ring
grinder to a fine powder (<38μm), and a sample of each powder was tested in
the XRD. The XRD traces for each of the synthesised calcium aluminates are
presented in Figures II-2, II.3 and II.4. In all cases the synthesised calcium
aluminate can be described as predominately single phase (of the desired
phase) and of a high purity.
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Fig.II.2 XRD trace for the calcium aluminate CA1.
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Fig. II.3 XRD trace for the calcium aluminate CA2.
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Fig. II.4 XRD trace for the calcium aluminate CA6.
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Appendix III – Slag-coke interface analysis of the single
channel flow experiment samples

The images presented are all from the single channel flow experiments samples
after cooling down. Where mineral composition is reported, they are derived
from EDS analysis of the post experiment cooled down samples. Areas
identified by a “+” and a number indicates a region where EDS spot analysis
was performed. Areas identified by a rectangle indicate a region where EDS
area analysis was performed. The analysis results are reported in Table I-1 at
the end of this Appendix.
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Resin

Coke analogue
4.4% CA6

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.1 SEM backscattered image and EDS maps for the interface of slag A coke analogue - CA6 (4.4%).(Temperature: 1500°C, Time: 30 minutes).
Note: The slag used in this experiment decrepitated. Therefore, only the
analogue interface is reported.
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Slag B

Resin

2
+

1

Coke analogue
4.4% CA6

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig.III.2 SEM backscattered image and EDS maps for the interface of slag B coke analogue - CA6 (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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3

+

4

+

2

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. II.3 SEM backscattered image and EDS maps for the bulk of slag B - funnel
material: coke analogue - CA6 (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

6+
Coke analogue
4.4% CA6

3

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.4 SEM backscattered image and EDS maps for the interface of slag C coke analogue - CA6 (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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7

+

8+

4

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.5 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue - CA6 (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

+9
Coke analogue
4.4% CA1

5

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig.III.6 SEM backscattered image and EDS maps for the interface of slag C coke analogue – CA1 (4.4%). (Temperature: 1500°C, Time: 30 minutes).

264

11

+

+10

6

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.7 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – CA1 (4.4%). (Temperature: 1500°C, Time:
30 minutes).

265

Slag C

Coke analogue
4.4% CA2

12
+

7

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.8 SEM backscattered image and EDS maps for the interface of slag C coke analogue – CA2 (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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13+
+14

8

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.9 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – CA2 (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

Coke analogue
4.4% MM

+15
9

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.10 SEM backscattered image and EDS maps for the interface of slag C coke analogue – MM (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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+17

16+
10

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.11 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – MM (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

18
+

Coke analogue
12% CA6

11

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.12 SEM backscattered image and EDS maps for the interface of slag C coke analogue – CA6 (12%). (Temperature: 1500°C, Time: 30 minutes).
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A schematic of
the slag in the
funnel. The
square
indicates
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position

Fig. III.13 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – CA6 (12%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

13

Coke analogue
12% MM

21

+

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.14 SEM backscattered image and EDS maps for the interface of slag C coke analogue – MM (12%). (Temperature: 1500°C, Time: 30 minutes).
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23

+

22+

14

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.15 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – MM (12%). (Temperature: 1500°C, Time: 30
minutes).
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Slag C

24
+

15

Coke analogue
0% minerals

A schematic
of the slag in
the funnel.
The square
indicates
analysis
position

Fig. III.16 SEM backscattered image and EDS maps for the interface of slag C coke analogue – no minerals. (Temperature: 1500°C, Time: 30 minutes).
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A schematic of
the slag in the
funnel. The
square
indicates
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position

Fig. III.17 SEM backscattered image and EDS maps for the bulk of slag C funnel material: coke analogue – no minerals. (Temperature: 1500°C, Time: 30
minutes).
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Industrial coke

27
+

Slag C

17

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.18 SEM backscattered image and EDS maps for the interface of slag C –
industrial coke. (Temperature: 1500°C, Time: 30 minutes).

276

28+

29
+

18

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.19 SEM backscattered image and EDS maps for the bulk of slag C funnel material: industrial coke. (Temperature: 1500°C, Time: 30 minutes).
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Slag C

30+
19

Graphite

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.20 SEM backscattered image and EDS maps for the interface of slag C –
Graphite. (Temperature: 1500°C, Time: 30 minutes).

278

+
31

+
32
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A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.21 SEM backscattered image and EDS maps for the bulk of slag C funnel material: Graphite. (Temperature: 1500°C, Time: 30 minutes).
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Slag D

Coke analogue
– CA6 (4.4%)

33

+

21

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.22 SEM backscattered image and EDS maps for the interface of slag D –
Coke analogue – CA6 (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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+ 34

+ 35

22

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.23 SEM backscattered image and EDS maps for the bulk of slag D funnel material: Coke analogue – CA6 (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Resin

Coke analogue
– CA6 (4.4%)

Slag E

+36

23

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.24 SEM backscattered image and EDS maps for the interface of slag E –
Coke analogue – CA6 (4.4%). (Temperature: 1500°C, Time: 30 minutes).
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24

A schematic of
the slag in the
funnel. The
square
indicates
analysis
position

Fig. III.25 SEM backscattered image and EDS maps for the bulk of slag E funnel material: Coke analogue – CA6 (4.4%). (Temperature: 1500°C, Time: 30
minutes).
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Table III-1 EDS analysis results for the single channel flow experiment samples
Slag-Funnel Interface
Slag
Type

Funnel
material

Description of the
interface

Oxide

Spot analysis of the silicon
enriched areas
Mole %

A

B

Coke
AnalogueCA6(4.4% )

Coke
AnalogueCA6(4.4% )

C

Coke
AnalogueCA6(4.4% )

Coke
AnalogueCA1(4.4% )

Coke
AnalogueCA2(4.4% )

Mole %

N/A

Spot 2 (Fig. III.2)

MgO
Al2O3
SiO2
CaO

Oxides

Bulk description and area
analysis
Mole %

0.0
3.0
96.5
0.5

0.0
4.9
94.2
0.9

MgO
Al2O3
SiO2
CaO

2.8
2.1
87.5
7.6

Oxides%

Silicon enriched areas
found along the
interface

5.1
3.2
79.8
12.0

1.9
3.6
87.4
7.1
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10.2
6.5
55.5
27.9

7.7
19.5
33.2
39.6

13.7
9.0
36.8
40.6

3.4
4.3
81.2
10.6

13.7
8.6
35.3
42.4

9.0
15.2
35.9
39.9

13.4
7.7
38.8
40.1

10.7
7.8
39.3
42.2

9.4
14.8
35.8
40.1

11.0
7.5
39.6
41.9

9.2
13.4
39.4
38.1

11.1
7.2
39.7
42.0

Two phases and areas
of dendrites were
identified

7.2
13.4
39.6
39.7

N/A

7.5
12.8
40.1
39.6
Two phases identified
as dark and light areas
patterns

7.7
18.9
33.6
39.7

Spot 7 (Fig. III.5)

Figure III.1

Phase 2 (rounded areas)

16.8
0.3
34.4
48.5

Figure III.4 for the
interface and Figure
III.5 for the slag bulk

Dark areas
0.8
6.6
49.1
43.5

Spot 10 (Fig. III.7)
Light area

12.0
8.5
37.3
42.3

8.1
14.6
37.6
39.8
Figure III.6 for the
interface and Figure
III.7 for the slag bulk

Spot 11 (Fig. III.7)
Dark area
0.0
7.6
47.7
44.7

Spot 13 (Fig. III.9)
Light area

12.6
8.5
37.7
41.3

9.4
14.2
38.2
38.3
Figure III.8 for the
interface and Figure
III.9 for the slag bulk

Spot 14 (Fig. III.9)
Dark area
0.0
13.3
48.3
38.3

12.1
7.1
38.2
42.6

Figure III.2 for the
interface and Figure
III.3 for the slag bulk

12.3
0.5
37.6
49.6

Spot 8 (Fig. III.5)

Light area

0.0
8.1
49.7
42.2

Oxides

Spot 4 (Fig. III.3)

Phase 1 (Background
area)

0.0
4.3
48.0
47.7

Mole %

N/A

Spot 3 (Fig. III.3)

1.2
3.8
48.7
46.2
Two phases identified
as dark and light areas
patterns

7.5
12.8
40.1
39.6

N/A

Oxides

11.6
11.3
34.0
43.0
Two phases identified
as dark and light areas
patterns

Area 8 (Fig. III.9)
Slag analysis generally
matches the slag used

Micrographs
Spot analysis for the different shades at the slag bulk
Mole %

8.8
14.2
34.9
41.9

Area 6 (Fig. III.7)
Slag analysis generally
matches the slag used

Area 7 (Fig. III.8)
6.9
11.1
56.0
26.1

13.0
8.3
34.4
44.3
Area 4 (Fig. III.4)
Slag analysis generally
matches the slag used

Area 5 ((Fig. III.6)

Spot 12 (Fig. III.8)
MgO
Al2O3
SiO2
CaO

Slag analysis generally
matches the slag used

Area 3 (Fig. III.4)

Spot 9 (Fig. III.6)
MgO
Al2O3
SiO2
CaO

11.6
11.6
33.7
43.0

Slag partitioning
description

Could not be done as slag
Slag decrepitated N/A
decrepitated

N/A

Area 1 (Fig. III.2)

Spot 6 (Fig. III.4)

Silicon enriched areas
found along the
interface

Oxide analysis

Area analysis near the
interface

Area 2 (Fig. III.3)

Silicon enriched areas
found along the
interface

Oxide analysis

C

N/A

Surface separation
between slag and coke
found. Silicon enriched
areas attached to the
coke found along the
interface .

Oxide analysis

C

Oxides %

Only coke is visible .
No traces for the slag
found.

Oxide analysis

Slag Bulk

9.0
13.9
38.6
38.5
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Table III-1 EDS analysis results for the single channel flow experiment samples (continued)
Slag-Funnel Interface
Slag
Type

Funnel
material

Description of the
interface

Oxide

Spot analysis of the silicon
enriched areas
Mole %

C

Coke
AnalogueMM(4.4% )

Silicon enriched areas
found along the
interface

Oxide analysis

C

Coke
AnalogueCA6(12% )

C

Coke
AnalogueMM(12% )

C

Coke
Analogue(0.0% )

0.0
4.2
77.9
17.9

MgO
Al2O3
SiO2
CaO

0.0
4.0
80.6
15.4

0.0
7.1
76.5
16.4

0.0
3.4
72.0
24.6

0.0
6.1
79.2
14.6

Silicon and Aluminium
enriched areas found
along the interface

0.0
0.4
99.5
0.1

Oxides

13.2
9.0
36.7
41.1

14.2
8.9
37.4
39.6

0.0
5.7
71.5
22.8

13.5
8.8
36.7
41.0

8.9
15.4
37.0
38.7

Spot 27 (Fig. III.18)

11.7
7.5
36.7
44.0

Mole %

9.6
15.2
37.9
37.4

11.3
7.9
40.1
40.7

11.6
7.9
40.9
39.7

9.5
8.2
39.4
42.9

7.6
13.5
40.5
38.5

8.0
13.0
37.3
41.8

12.5
8.3
34.2
45.1

8.2
13.6
41.3
36.8

Spot 16 (Fig. III.11)
Light area

6.4
13.9
39.6
40.1

Two phases identified
as dark and light areas
patterns
8.5
14.2
34.7
42.7

Oxides
Figure III.10 for the
interface and Figure
III.11 for the slag bulk

14.2
7.8
38.3
39.8

9.7
13.4
39.0
37.8
Figure III.12 for the
interface and Figure
III.13 for the slag bulk

Spot 20 (Fig. III.13)
Dark areas
0.0
12.9
48.3
38.8

14.6
7.5
38.0
38.1

10.0
13.1
38.9
38.1

Spot 23 (Fig. III.15)
Dark areas

0.0
10.3
47.2
42.5

Spot 25 (Fig. III.17)
Light area

2.2
7.0
44.2
46.7

two phases identified
as dark and light areas
patterns

0.0
14.0
47.8
38.2

Spot 22 (Fig. III.15)
Light area
0.0
6.2
47.8
46.0

Mole %

Spot 17 (Fig. III.11)
Dark area

Spot 19 (Fig. III.13)
Light area
0.0
7.8
49.6
42.6

Two phases identified
as dark and light areas
patterns

Area 18 (Fig. III.19)
Slag analysis generally
matches the slag used

Area 17 (Fig. III.18)

Oxides

0.0
8.5
49.3
42.2
Two phases identified
as dark and light areas
patterns

Area 16 (Fig. III.17)
Slag analysis generally
matches the slag used

Micrographs
Spot analysis for the different shades at the slag bulk
Mole %

Two phases identified
as dark and light areas
patterns

Area 14 (Fig. III.15)
Slag analysis generally
matches the slag used
9.9
14.0
37.4
38.7

Slag partitioning
description

Oxides%

Area 12 (Fig. III.13)
Slag analysis generally
matches the slag used

Area 15 (Fig. III.16)

0.0
0.7
99.2
0.1

Bulk description and area
analysis

Area 10 (Fig. III.11)
Slag analysis generally
matches the slag used

Area 13 (Fig. III.14)

Spot 24 (Fig. III.16)

MgO
Al2O3
SiO2
CaO

Mole %

Area 11 (Fig. III.12)

Spot 21 (Fig. III.14)

MgO
Al2O3
SiO2
CaO

Area analysis near the
interface

Area 9 (Fig. III.10)

Spot 18 (Fig. III.12)

Silicon enriched areas
found along the
interface

Oxide analysis

Industrial
Coke

MgO
Al2O3
SiO2
CaO

Silicon enriched areas
found along the
interface

Oxide analysis

Oxides %

Spot 15 (Fig. III.10)

Silicon enriched areas
found along the
interface

Oxide analysis

Slag Bulk

13.1
7.1
37.7
42.2

Figure III.14 for the
interface and Figure
III.15 for the slag bulk
9.0
12.4
38.5
40.2

Figure III.16 for the
interface and Figure
III.17 for the slag bulk

Spot 26 (Fig. III.17)
Dark areas

1.4
11.7
43.7
43.1

Spot 28 (Fig. III.19)
Light area

12.4
7.4
36.9
43.5

8.6
12.9
36.8
41.8

Figure III.18 for the
interface and Figure
III.19 for the slag bulk

Spot 29 (Fig. III.19)
Dark areas

C

Oxide analysis

MgO
Al2O3
SiO2
CaO

3.4
14.5
48.1
34.1

2.1
23.0
45.1
29.8

10.6
9.1
39.5
40.9

7.1
15.4
39.4
38.2

11.4
7.8
39.4
41.4

7.8
13.4
39.8
39.1

0.0
9.3
47.5
43.2

0.0
15.3
45.8
38.9

13.6
7.6
37.9
40.9

9.3
13.2
38.7
38.9
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Table III-1 EDS analysis results for the single channel flow experiment samples (continued)
Slag-Funnel Interface
Slag
Type

Funnel
material

Description of the
interface

Oxide

Spot analysis of the silicon
enriched areas
Mole %

Silicon enriched areas
found along the
interface

C

Graphite
Oxide analysis

D

Coke
AnalogueCA6(4.4% )

E

Coke
AnalogueCA6(4.4% )

Oxides %

Spot 30 (Fig. III.20)

MgO
Al2O3
SiO2
CaO

Silicon enriched areas
found along the
interface

Oxide analysis

Slag Bulk

0.0
4.7
72.5
22.8

Surface separation
between slag and coke
found. Silicon enriched
areas attached to the
coke found along the
interface .

0.0
0.7
99.0
0.3

Mole %

Oxides

0.0
7.9
71.2
20.9

13.3
7.4
38.8
40.5

9.0
12.8
40.1
38.2

Spot 36 (Fig. III.24)

15.1
6.3
38.6
40.1

Mole %

10.5
11.0
39.9
38.7

9.8
8.0
40.3
42.0

10.5
9.1
43.6
36.9

Micrographs
Spot analysis for the different shades at the slag bulk
Mole %

two phases identified
as dark and light areas
patterns

6.6
13.6
40.5
39.4

Oxides

Spot 31 (Fig. III.21)
Light area
0.0
0.0
49.0
43.6

two phases identified
as dark and light areas
patterns
7.0
15.3
43.4
34.3

Area 24 (Fig. III.25)
Slag analysis generally
matches the slag used

Area 23 (Fig. III.24)

Slag partitioning
description

Oxides%

Area 22 (Fig. III.23)
Slag analysis generally
matches the slag used

Area 21 (Fig. III.22)
0.0
1.3
98.5
0.3

Bulk description and area
analysis

Area 20 (Fig. III.21)
Analysis matches the slag
used

Area 19 (Fig. III.20)

Spot 33 (Fig. III.22)
MgO
Al2O3
SiO2
CaO

Area analysis near the
interface

Oxides
Figure III.20 for the
interface and Figure
III.21 for the slag bulk

Spot 32 (Fig. III.21)
Dark areas
0.0
12.2
48.0
39.9

Spot 34 (Fig. III.23)
Light area
14.4
5.6
40.4
39.7

Mole %

14.3
7.0
38.1
40.4

9.8
12.1
39.1
38.9
Figure III.22 for the
interface and Figure
III.23 for the slag bulk

Spot 35 (Fig. III.23)
Dark areas
10.0
9.8
41.8
38.4

3.8
13.3
52.7
30.2

2.4
21.3
49.8
26.6

Figure III.24 for the
interface and Figure
III.25 for the slag bulk

No clear partitioning
found

No slag partitioning observed
Oxide analysis

MgO
Al2O3
SiO2
CaO

0.0
0.9
99.2
0.2

0.0
1.0
98.9
0.2

0.0
15.6
72.1
12.3

0.0
24.0
65.6
10.4

0.0
14.2
74.9
10.8

0.0
22.1
68.6
9.3
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Appendix IV – Images of the scanned sections of the
packed bed after the experiments

The images presented in Figures IV.1 to IV.6 are all from the packed bed
experiments. Post experiment, selected packed beds were mounted in resin,
sectioned and digitally imaged for image analysis.
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Fig. IV.1 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: slag C,
Packing density: 50%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
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Fig. IV.1 (continued)
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Fig. IV.1 (continued)

290

Fig. IV.2 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: slag C,
Packing density: 55%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
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Fig. IV.2 (continued)

292

Fig. IV.2 (continued)
293

Fig. IV.3 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: slag C,
Packing density: 60%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
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Fig. IV.3 (continued)

295

Fig. IV.3 (continued)

296

Fig. IV.4 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: slag C,
Packing density: 65%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
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Fig. IV.4 (continued)

298

Fig. IV.4 (continued)
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Fig. IV.5 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: slag C,
Packing density: 68%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
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Fig. IV.5 (continued)

301

Fig. IV.5 (continued)

302

Fig. IV.5 (continued)

303

Fig. IV.6 Scanned images of post experiment cross section of the packed bed.
Images are sorted from the top section of the packed bed (top left) to the bottom
of the packed bed.
Slag Type: No slag addition
Packing density: 55%,
Bed irrigation: Dry

Bed material: Coke analogue-CA6 (4.4%),
Temperature:1500°C,
Remarks: non reacted bed
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Fig. IV.6 (continued)
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Fig. IV.6 (continued)
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